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Summary 
 In the compendium of porphyrinoids, corroles have experienced increasing attention in the past two decades, starting from the disclosure in 1999 of simple routes for the synthesis of meso- triarylcorroles.1,2 Since then, they have been successfully used in various contexts ranging from catalysis3,4 to dye-sensitized solar cells.5,6 Peripheral modifications are important to modulate corrole properties and make them suitable for these applications. In this view, the synthetic availability of triarylcorroles has allowed a more detailed investigation of the corrole ring functionalization. Research under this heading will focus in particular on the synthesis and functionalization of new free base- and metallo-corrole derivatives.  The synopsis presented here reports a concise overview of the design, synthesis, structural, photophysical, electrochemical, and molecular modelling characterization of: 1. Expanded Corroles by β-fused aromatic rings. 2. Design and synthesis of new Phthalocyanine-Corrole hybrid conjugates for application in light harvesting systems. This thesis consists of a general introduction and two chapters.  
Introduction In the introduction, a general description of corrole structure, reactivity and photophysical properties is presented. The main synthetic strategies to achieve symmetric and asymmetric corrole derivatives are briefly discussed, as well as their applications in different research fields. Lastly, general objectives of the present thesis are there highlighted.  
Chapter 1 Among the different corrole functionalizations, we focused on the fusion of aromatic substituents at the macrocyclic β-positions. It is well known that in the case of porphyrins, the introduction of fused π-conjugated units strongly modifies the electronic character of the 
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Summary 
resulting chromophores, allowing porphyrin systems with unique optical and electrochemical properties.7,8 Starting from the same substrate, a variety of π-extended corroles were obtained using two different synthetic pathways. The first methodology exploited a one-pot reaction of 2,3-diaminocorroles (or 2,3,17,18-tetraaminocorroles) with different diones, affording new corrole derivatives  with β-fused pyrazino rings (Figure 1).  X-ray crystallographic characterization and electronic absorption spectra highlight interesting features of these derivatives. An easy demetallation procedure allowed us to obtain the corresponding free base derivatives, opening the door to the preparation of different metal complexes, with the possible modulation of the related photophysical characteristics and potentially making these species suitable for optoelectronic applications.  
 
Figure 1. Synthesis of new β-annulated corrole derivatives via one-pot reduction and condensation with different diones.  The obtained results prompted us to investigate the development of other synthetic routes leading to π-expanded corroles with annulated pyrazino units. These groups are interesting because it has been shown that heterocycles containing a pyrrolo[1,2-a]pyrazino moiety (highlighted in purple in Figure 2) can play an important role in pharmacological terms.9–13 
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Summary 
 In this reaction, already performed on porphyrins,14 corrole reveals once again an unusual reactivity pattern, affording the unsubstituted pyrrolopyrazino substituent by an unprecedented reaction pathway. All the new derivatives were fully characterized, by means of 1H NMR, UV-vis, electrochemical and X-ray techniques.  
 
Figure 2. Synthesis of new β−annulated corrole derivatives via Pictet-Spengler reaction with different arylaldehydes.  
Chapter 2 Chapter 2 focuses on the design, synthesis and photophysical studies of new functional materials for light harvesting applications. In the last decade great attention has been focused on the preparation of porphyrin derivatives characterized by an expanded aromatic system, which causes a decrease in the HOMO-LUMO gap that leads to improved harvesting of solar energy in a broad spectral region.15 These molecules are very promising as dyes in the study of photoinduced electron and energy transfer. Most of these artificial systems are made up of oligomeric species, where the porphyrin (or phthalocyanine)  units are linked by bridges, such as for example ethynes, that allow macrocyclic conjugation.16 To the best of our knowledge, no multicomponent systems based on corrole-phthalocyanine (Corr-Pc) have been described. In the first section of this Chapter, we successfully synthesized two different corrole-phthalocyanine covalent dyes (Figure 3,left). The presence of a greater number of methoxy moieties in the corrole framework was expected to improve the electron-donor properties of the macrocycle and enhance the electron transfer to the linked zinc phthalocyanine bearing electron-withdrawing groups. The newly prepared multicomponent systems have been studied performing spectral, computational and electrochemical measurements. Transient absorption spectroscopy showed the appearance of a fast-forming and short-living charge separated states 
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constituted by the radical cation of corrole and radical anion of the phthalocyanine.  In the second part of the chapter, we have prepared a donor-acceptor ensemble built on metal-ligand coordination between a zinc(II) phthalocyanine derivative, bearing electron withdrawing groups at its periphery, and an electron-donor corrole, featuring a pyridyl moiety in position 10 (Figure 3,right). Binding studies were performed by means of NMR and photophysical techniques, in order to determine thermodynamic and kinetic constants.  
                                         
Figure 3. Schematic representation of covalently and supramolecular conjugated Corr-Pc that will be presented in  Chapter 2.  
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Riassunto 
 All’interno della famiglia dei porfirinoidi, i corroli sono stati oggetto di crescente interesse da parte della comunità scientifica negli ultimi due decenni, da quando, nel 1999, sono state scoperte nuove strategie sintetiche per la sintesi di meso-triarilcorroli.1,2  Da allora, sono stati ampiamente utilizzati in differenti contesti e per diverse applicazioni, dalla catalisi3,4 allo sviluppo di dye-sensitized solar cells.5,6 Al fine di rendere i corroli buoni candidati verso l’applicazione concreta, è necessario effettuare modifiche del macrociclo con opportuni sostituenti. La disponibilità sintetica di triarilcorroli a partire da aldeidi commercialmente disponibili ha reso possibile uno studio dettagliato sulla funzionalizzazione dell’anello centrale. In tale contesto si inserisce questa tesi, incentrata in particolar modo sulla sintesi e funzionalizzazione di nuovi derivati corrolici, come base libera o come complessi metallici. Il riassunto qui presentato riporta una panoramica concisa su sintesi e caratterizzazioni strutturali, fotofisiche, elettrochimiche e computazionali di: 1. Corroli espansi mediante annulazione delle posizioni β-pirroliche. 2. Sintesi di nuovi sistemi Corrolo-Ftalocianina per applicazioni fotovoltaiche. La suddetta tesi è costituita da un’introduzione generale e due capitoli.  
Introduzione La parte introduttiva fornisce una descrizione generale sui corroli, sulle relative caratteristiche di reattività e proprietà fotofisiche. Vengono inoltre presentate le strategie sintetiche più utilizzate per la sintesi di corroli simmetrici ed asimmetrici. Una sottosezione è dedicata alle applicazioni di tale macrociclo nei diversi ambiti di ricerca. Infine, vengono presentati gli obiettivi generali di questo lavoro di tesi.   
Capitolo 1 Tra le possibili funzionalizzazioni del macrociclo tetrapirrolico, ci siamo focalizzati sulla sintesi di sistemi aromatici fusi nelle posizioni β-pirroliche. Nel caso delle porfirine è stato dimostrato come l’introduzione di sistemi π-fusi modifichi 
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Riassunto 
fortemente il carattere elettronico del macrociclo, conferendo a tali sistemici nuove ed interessanti proprietà dal punto di vista ottico ed elettrochimico.7,8 A partire dallo stesso substrato, è stata ottenuta una rosa di differenti corroli π-espansi mediante due diversi approcci sintetici. Nel primo caso è stata sfruttata una reazione di condensazione tra 2,3-diamminocorroli (o 2,3,17,18-tetraamminocorroli) e diversi dioni. Tale sintesi ha portato alla formazione di nuovo derivati corrolici caratterizzati da un’unità pirazinica di collegamento, annulata all’anello β-pirrolico (Figura 1). Tali strutture hanno mostrato interessanti proprietà, rilevate grazie a studi fotofisici e tecniche di diffrazione ai raggi X. Attraverso un semplice passaggio sintetico, è stato possibile demetallare i complessi, fornendo specie con nuove proprietà fotofisiche, che le rendono particolarmente adatte ad applicazioni in ambito optoelettronico.  
 
Figura 1. Sintesi di derivati corrolici β-fusi, mediante reazione di condensazione con diversi dioni. 
 I risultati ottenuti ci hanno spinto a continuare lo studio in questo ambito, alla ricerca di ulteriori strategie sintetiche che portassero alla formazione di corroli π-espansi annulati con funzionalità piraziniche. È stato inoltre dimostrato come eterocicli contenenti gruppi pirrolo[1,2-a]pyrazina 
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 (evidenziati in viola in Figura 2) rivestano un ruolo di indubbia importanza in termini farmaceutici.9–13 In questa reazione, riportata precedentemente sulle porfirine,14 i corroli mostrano ancora una volta una reattività inusuale, portando a derivati recanti unità pirrolo-pirazina mediante meccanismi di reazione del tutto caratteristici. Studi elettrochimici, di risonanza magnetica nucleare, di assorbimento UV-vis e di diffrazione ai raggi X, hanno permesso una completa caratterizzazione di tutti i composti sintetizzati.   
 
Figura 2. Sintesi di derivati corrolici annulati nelle posizioni β-pirroliche mediante reazione di Pictet-Spengler con diverse ariladeidi.  
Capitolo 2 Il secondo capitolo della presente tesi si incentra sulla sintesi di nuovi materiali per fotovoltaico organico e sui relativi studi fotofisici. Nell’ultimo decennio sono stati studiati in maniera approfondita sistemi porfirinici caratterizzati da un sistema aromatico espanso. L’espansione causa una diminuzione dell’intervallo energetico HOMO-LUMO, portando a sistemi che assorbono in maniera più efficiente la radiazione luminosa, in una vasta regione spettrale.15  Tali molecole risultano estremamente promettenti come cromofori per lo studio di trasferimento energetico e/o elettronico fotoindotto. La maggior parte di questi sistemi sono costituiti da specie oligomeriche, come ad esempio unità porfiriniche (o ftalocianine) unite da ponti che ne permettano la coniugazione (es: gruppi acetilene).16 Ad oggi, nessun sistema basato su corrolo-ftalocianina (Corr-Pc) è stato ancora descritto in questo contesto. Nella prima sezione di questo capitolo, sono state sintetizzate due diadi covalenti corrolo-
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Riassunto 
ftalocianina (Figura 3 , sinistra). È stata studiata l’influenza delle diverse unità metossi presenti nel corrolo sull’efficienza di trasferimento elettronico verso la zinco ftalocianina, recante gruppi elettron-attrattori.  Tali sistemi sono stati studiati mediante analisi fotofisiche, computazionali ed elettrochimiche. Inoltre, studi di spettroscopia ad assorbimento transiente hanno mostrato la formazione di specie a separazione di carica, costituite dal corrolo radicale catione e dalla corrispondente ftalocianina radicale anione.  Nella seconda parte del capitolo, è stato preparato un complesso donatore-accettore costituito da un corrolo recante gruppi elettron-donatori, e una zinco ftalocianina con funzionalità ad attrazione elettronica. Il suddetto complesso è stato formato in soluzione mediante coordinazione assiale tra lo zinco della ftalocianina e un gruppo piridinico presente nella posizione 10 del macrociclo corrolico (Figura 3, destra). Sono stati effettuati studi di binding mediante risonanza magnetica nucleare e tecniche fotofisiche, con il fine di stimare le costanti cinetiche e termodinamiche che governano il processo di formazione del complesso.  
                                         
Figura 3. Rappresentazione schematica delle diadi covalente (a sinistra) e supramolecolare (destra) illustrate nel capitolo 2 della presente tesi. 
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Resumen 
 Dentro de la familia de los porfirinoides, los corroles han sido objeto de estudio en las últimas dos décadas, desde que, en el 1999, fueron descubiertas nuevas estrategias sintéticas para la síntesis de meso-triarilcorroles.1,2  Desde entonces, dichas moléculas han sido ampliamente utilizadas en distintos ámbitos para diversas aplicaciones, desde catálisis, hasta el desarrollo de 
dye-sensitized solar cells.5,6 Con el fin de convertir a los corroles en buenos candidatos para su aplicación concreta, es necesario modificar el macrociclo mediante la introducción de sustituyentes apropiados. La disponibilidad sintética de triarilcorroles a partir de aldehídos comercialmente accesibles, ha hecho sí que empezase un estudio detallado sobre la funcionalización del anillo central de dicho macrociclo.  En este contexto se enmarca esta tesis, que se centra de un modo especial en la síntesis y funcionalización de nuevos derivados corrólicos, como base libre o como complejos metálicos. Este resumen presenta una panorámica concisa acerca de la síntesis y caracterización estructural, fotofísica, electroquímica y computacional de: 
1. Corroles expandidos mediante fusión de las posiciones β-pirrólicas. 2. Síntesis de nuevos sistemas Corrol-Ftalocianina para aplicaciones fotovoltaicas. Dicha tesis consta de una introducción general y dos capítulos.  
Introducción La introducción proporciona una descripción general sobre los corroles, sobre las relativas características de reactividad y propiedades fotofísicas. Se presentan las estrategias sintéticas más utilizadas para la síntesis de corroles tanto simétricos como asimétricos. Una de sus secciones está dedicada a las aplicaciones de estos macrociclos en las distintas áreas de investigación. A continuación, se presentan los objetivos generales de este trabajo de tesis.  
Capítulo 1 Entre las posibles funcionalizaciones del macrociclo tetrapirrólico, nos hemos centrado en la síntesis de sistemas aromáticos fusionados en las posicione β-pirrolicas.   
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Resumen 
En el caso de las porfirinas, se ha demostrado que la introducción de sistemas π-fundidos modifica notablemente el carácter electrónico del macrociclo, otorgando a dichos sistemas nuevas y interesantes propiedades desde un punto de vista óptico y electroquímico.7,8 A partir del mismo substrato, se han obtenido distintos corroles π-expandidos mediante dos estrategias sintéticas distintas.  En el primer caso, hemos utilizado una reacción de condensación entre 2,3-diaminocorroles (o 2,3,17,18-tetraaminocorroles) y distintas dionas. Dicha síntesis conlleva la formación de nuevos derivados corrólicos, caracterizados por una unidad pirazínica de enlace, fundida al anillo β-pirrólico (Figura 1). Estas estructuras han mostrado propiedades interesantes, detectadas gracias a estudios fotofísicos y técnicas de difracción de rayos X. A través de un único y sencillo paso sintético, ha sido posible demetalar los complejos, obteniendo especies con nuevas propiedades fotofísicas, que las hacen particularmente adecuadas para aplicaciones en el ámbito optoelectrónico. 
 
Figura 1. Síntesis de nuevos derivados de corroles mediante reacción de condensación con distintas dionas.  Los resultados obtenidos nos han animado a continuar con el estudio en este ámbito, en la búsqueda de estrategias sintéticas ulteriores para la formación de corroles π-expandidos, fundidos con funcionalizaciones pirazínicas.  Además, ha sido descrito que  heterociclos con grupos pirrol [1,2-a] pirazina (mostrado en morado en Figura 2) podrían tener un papel importante en términos farmacéuticos.9–13 
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Resumen 
 En esta reacción, conseguida primero en  porfirinas,14 los corroles muestran de nuevo una reactividad inusual, formando derivados que llevan una unidad pirrol-pirazina a través de mecanismos de reacción característicos.  Estudios electroquímicos, de resonancia magnética nuclear, de espectroscopia UV-vis y de difracción de rayos X han permitido la completa caracterización de todos los compuestos sintetizados.  
 
Figura 2. Síntesis de derivados de corroles β−fusionados mediante reacción de Pictet-Spengler con distintos ariladehídos. 
.  
Capítulo 2 El segundo capítulo de la presente tesis se centra en la síntesis de nuevos materiales para aplicaciones fotovoltaicas  y en su consecuente estudio fotofísico. En la última década se han estudiado en profundidad sistemas porfirínicos caracterizados por un sistema aromático expandido. Dicha expansión provoca una disminución del gap HOMO-LUMO, llevando a la formación de sistemas que absorben de manera más eficiente la radiación lumínica, en una amplia región espectral.15   Estas moléculas resultan extremadamente prometedoras como cromóforos para el estudio de transferencia energética o electrónica fotoinducida. La mayoría de dichos sistemas están constituidos por especies oligoméricas, como por ejemplo unidades de porfirinas (o ftalocianinas), unidas a través de puentes que permitan la conjugación del sistema (grupos acetilenos por ejemplo).16 Hasta donde sabemos, ningún sistema basado en corrol-ftalocianina (Corr-Pc) ha sido descrito en este contexto. 
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Resumen 
En la primera sección de este capítulo, se han sintetizado dos díadas covalentes corrol-ftalocianina (Figura 3, izquierda). Hemos estudiado la influencia de distintas unidades metoxi, presentes en el corrol, sobre la eficiencia de transferencia electrónica hacia la ftalocianina de zinc, que lleva grupos atractores de electrones. Dichos sistemas han sido estudiados a través de análisis fotofísicos, computacionales y electroquímicos. Además, estudios de espectroscopía resuelta en el tiempo han evidenciado la formación de especies a separación de carga, formadas por el corrol radical catión y la correspondiente ftalocianina radical anión. En la segunda parte del capítulo, se ha preparado un complejo dador-aceptor que consta de un corrol con grupos dadores de electrones y una ftalocianina de zinc con grupos atractores. Dicho complejo ha sido formado en disolución a través de coordinación axial entre el zinc de la ftalocianina y un grupo piridínico presente como funcionalización corrólica en posición 10 del anillo (Figura 3, derecha). Se han realizado estudios de binding a través de resonancia magnética nuclear y de técnicas fotofísicas, con la finalidad de evaluar las constantes cinéticas y termodinámicas que regulan el proceso de formación del complejo.  
                                         
Figura 3. Representación esquemática de díadas Corr-Pc covalentes (izquierda) y supramoleculares (derecha). 
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Introduction 
Corroles   The history of corroles begins in the second decade of the 20th century with George Whipple, who studied the influence of diet on regeneration of hemoglobin in dogs with anemia, with particular attention to liver-rich diets. In 1926, with this aim in mind, George Minot and William Murphy applied the liver diet to patients with pernicious anemia and they observed that the same diet rich in raw liver restored the normal red blood cell level. This new therapy, called "liver therapy", applied to the treatment of pernicious anemia, earned G. Minot, G. Whipple and W. Murphy jointly the Nobel Prize for Physiology and Medicine in 1934.1  In those years the scientific community focused on the discovery of the active principle of this new method. In the late 1940s, Rickes et al., isolated a red crystalline pigment from the liver, which was designated as vitamin B12.2 In 1949, Pierce et al. isolated two crystalline forms of vitamin B12, equally effective in combating pernicious anemia: cyanocobalamin and hydroxycobalamin.3 In 1956, Dorothy Crowfoot-Hodgkin, through X-ray diffraction studies, elucidated the structure of cyanocobalamin and its coenzyme forms.4 The Nobel Prize in Chemistry 1964 was awarded to Hodgkin "for her determinations by X-ray techniques of the structures of important biochemical substances”.5  These studies identified for the first time a new type of macrocycle called Corrin. With the aim of discovering new strategies for the preparation of corrins, Jonhson and Price discovered a synthetic route to prepare various metal derivatives of a macrocycle containing eleven double bonds, which was called Corrole (Figure 1, 
Structure I).6 Five years later, Jonhson and Kay corrected the 1st structure and suggested the term corrole to designate the macrocycle (Figure 1, Structure II) containing ten double bonds.7 This structure was unambiguously confirmed by Harrison  
 
N N
NNH
N HN
HNNH
I II
Figure 1. Proposed structures of corrole. 
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Corroles  
et al., through the X-ray diffraction of the 8,12-diethyl-2,3,7,13,17,18-hexamethylcorrole.8 Despite being discovered over fifty years ago, for a long time corroles chemistry has not been investigated as much as porphyrins one. One of the reasons for this lack of interest was probably due to the multi-step, lengthy and laborious preparation of the macrocycle, which precluded the study of corrole to researchers not familiar with pyrrole chemistry. Since 1999, corrole-related research has experienced an impressive growth, when simple synthetic routes for the preparation of meso-triarylcorroles, starting from the commercially available pyrrole and arylaldehydes, were reported, thus allowing a more detailed characterization of the chemistry of the macrocycle.9–12 From 1999 onwards, the number of publications has dramatically increased, paving the way for new research areas in corrole chemistry (Figure 2).  
  General behaviour and synthesis of free bases or metal complexes of triarylcorroles bearing either the same or different substituents on the meso positions (A3 or A2B corroles, respectively), have been reported in the very next sections (Figure 9).   
Figure 2. Number of corrole-related publications from 1960 to 2017. 
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Structure and General Properties 
 Corroles are aromatic tetrapyrrole macrocycles bearing a direct pyrrole-pyrrole link, thereby constituting a bridge between porphyrins and corrins. Contrary to what happens with other tetrapyrroles, like porphyrins, chlorins, and bacteriochlorins, which play vital functions in nature, corroles are not natural compounds. The corrole macrocycle is structurally related to the corrin, with a 19-atom carbon skeleton, and maintains the 18-electron π aromatic system such as porphyrin, i.e. only nine of the ten double bonds in the macrocycle contribute to the aromatic character. IUPAC nomenclature of corroles has been derived from that of the porphyrins and, to retain comparability, position 20 has been omitted. The 5, 10 and 15 positions on the ring are referred to meso-positions, while the 2, 3, 7, 8, 12, 13, 17 and 18 ring positions are referred to β-pyrrole. Inner core N-atoms denoted to be 21, 22, 23 and 24 (Figure 3).13–16  
 
 According to the studies carried out by Dyke et al.17 the imino nitrogen atom in the corrole inner core is preferably located at position 22. However, in 1997, Ghosh and Jynge performed a theoretical study that suggested the existence of different tautomers, with no real difference in energy among the possible isomers. This, coupled with the presence of short strong N-H...N hydrogen bonds, suggests  that N-H tautomerism in free-base corrole isomers should be considerably faster  than that in porphyrins (Scheme 
1).18  
 
Figure 3. Porphyrin, corrole and corrin numbering systems. 
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 In this work, the structure b will be used as representative structure of the corrole macrocycle. Despite nearly 50 years of corrole research, only few unsubstituted free-base corrole crystal structures have been published.8,12,19–22.  As shown by X-ray analysis of 5,10,15-triphenylcorrole (H3TPC) (Figure 4), the steric repulsion between inner protons causes a deviation from planarity, with one pyrrole ring  tilted out of the mean plan of the macrocycle.20 However corroles have an unexpected flexibility of molecular structure, which retains a quite planar conformation even if all the peripheral positions are substituted.        
   Corrole derivatives show similar photophysical properties as porphyrins, such as visible light absorption. Their UV-vis spectra show an intense band (ε = 120000 M-1cm-1) in the region of 400-440 nm, which is considered to arise from a combination of the second 
π→π* transition and its vibrational components, and weaker absorption bands between 
Scheme 1. Two tautomers of corroles where NH protons are assigned to different rings. 
Figure 4. Structure of H3TPC; Top: plane view; Bottom: side view (H-atoms on 
β-pyrrole are omitted for clarity). 
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500-700 nm (ε = 10000-15000 M-1cm-1). By analogy with in the porphyrins, they are designed as Soret and Q bands, respectively, thus confirming the presence of an aromatic system (Figure 5).  
                                          
   The absorption spectra of corroles, particularly meso-triaryl corroles, exhibit two important differences with respect to the absorption spectra of porphyrins: a greater variation in the optical bands upon changing substitution on the phenyl groups and a significant solvent dependent shift in their absorption bands. In polar solvents, this dependence is justified by the internal hydrogen bonding interactions between the NH groups and the solvent.23,24 Corroles display an intense luminescence band (Figure 6) around 670-710 nm; lifetime is in the nanoseconds region with a very small Stokes shift12 and a quantum yield of 0.07-0.08; this band could be assign to the singlet of the lowest π→π* transition observed in the absorption spectrum. For meso-arylcorroles noticeable changes are observed in intensity and position of the bands on changing the nature of the solvent. For example, fluorescence quantum yield  of 5,10,15-triphenylcorrole decreases when dielectric constant of solvents increases while 5,10,15-tris (pentafluorophenyl) corrole doubles its value in polar solvents.23,24 By means of 1H NMR spectroscopy the aromatic character of the corroles is confirmed.   The presence of the typical ring current leads to a high field shift NH inner protons, showing negative values of chemical shifts, (around -2 ppm) although this signal is usually not observed due to the rapid tautomeric exchange. β-pyrrolic protons resonate at low-field, usually in the range between 7 to 9 ppm. 
Figure 5. UV-vis spectrum of triarylcorroles. Figure 6. Emission spectrum of triarylcorroles. 
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Although the structure is not completely planar, and due to its reduced symmetry, 1H NMR spectrum of corroles shows a macrocycle with a C2v symmetry, that is, the parts [A-B] and [C-D] are magnetically and chemically equivalent due to the rapid exchange of protons between rings B and C (Figure 7).14,25,26 Moreover, while fully symmetric porphyrins show one singlet for pyrrolic protons, corroles have 4 doublets, each of them referred to two protons. These signals appear in this order moving from low to high field: (H2,18) > (H7,13) > (H3,17) ≈ (H8,12), even if the presence of other substituents may affects their chemical shifts.   
 
  Corroles free base exhibit an amphoteric character.15 They are stronger acids than the porphyrins, due to the greater stereo tension created by the three groups NH within the inner core.  Free base derivatives readily form monoanionic species in dilute basic solutions (Scheme 2); which retain their aromatic behaviour and the Soret band in their electronic absorption spectra.  
 
  By treatment with weak acid, corroles generate monoprotonated derivatives. These monocationic species are still aromatic, indicating that the addition of a proton occurs at the inner core nitrogen atom. 
N HN
NNH base
NH HN
NNH H+
NH HN
NNH
+
H+
NH HN
HNNH
H H-
Figure 7. Corrole structure showing C2V symmetry. 
Scheme 2. Acid-base equilibria of corrole free base.  
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Both charged forms are aromatic and have in their absorption spectra more intense Q-bands than the respective neutral forms. The presence of electron withdrowing or donating groups in the aryl moieities of the meso positions also influences the formation of these species.27,28 Stronger acid conditions result in the disappearance of the Soret band, since the 
conjugated aromatic π system is interrupted due to the formation of a dicationic species. Spectroscopic analysis indicates that the protonation occurred at the C-5 carbon (or 15) (Scheme 2).14,15,29 The three NH groups within the ring make the corrole a tetradentate trianionic ligand, different from corrins and porphyrins which are, respectively, monoanionic and dianionic ligands. Corrolate ligand supports unusually high metal oxidation states, such as Cr (V), Fe (III) and Fe (IV), Co (IV) and Co (V), Mn (III). Acting as trianionic ligands, and being  their internal cavity smaller than that of porphyrin, it is able to stabilize metallic ions with lower ionic radius and with a higher oxidation state.30 Generally, the most stable oxidation number in the metallocorrolates is the oxidation state three. According to Density Functional Theory (DFT) calculations , gallium ion with oxidation state of +3, Ga (III), is the metal ion that best fits in the inner cavity of the corrol,18 thus being considered the prototype of metallocorroles, as 5,10,15,20-tetraphenylporphyrinato-zinc(II) (ZnTPP), is the model for metalloporphyrin.31 The synthetic method par 
excellence for the synthesis of metallocorrole involves the direct complexation of the macrocycle from divalent metal salts, therefore involving the oxidation of the metal center.31 Corroles, regardless of the substitution pattern, are less stable in solution toward light and air than the corresponding porphyrins.32 It is well established that corroles, especially free base, are photosensitive. The lack of a meso carbon makes the inner cavity smaller, and hence, the average electron density is higher. Therefore, the first oxidation potential of corroles is lower than that of porphyrins possessing the same substituents pattern. Subsequently, several studies pointed out that the oxidative pathway is strongly dependent on the corrole structural features and reaction conditions.33–38  The most typical decomposition pathway includes the hydroxylation to form hydroxyisocorrole and further ring opening to form biliverdin type structures (Figure 8).32,38,39  
9 
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  The rate of corroles decomposition is solvent dependent, being higher in acetonitrile than in other organic solvents.38 Moreover, corrole stability is strongly related to the influence of the substituents at both the β and the meso positions.40 The presence of electron-donating substituents can decrease the stability the macrocycle, while electron-withdrawing groups can prevent oxidation.38,41  
Synthesis of meso-substituted A3 Corroles 
 In analogy to the broadly accepted nomenclature for meso-substituted porphyrins, corroles bearing three identical substituents at all three meso positions are called A3 corroles (Figure 9).   
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Figure 8. Exemplary products of oxidation of aryl-corroles. 
Figure 9. Types of meso-substituted corroles. 
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A3 Corroles can be synthesized by any of the methods shown on Scheme 3, with the formation of bilane (or tetrapyrrane) and its macrocyclization via oxidation.  Several synthetic approaches can be performed to obtain bilane: directly from pyrrole and aldehydes; from dipyrromethanes (or dipyrranes) and aldehydes; and from dipyrromethanes −diols and pyrrole42–45 (Scheme 3).  Although significant efforts have been devoted to optimization of different synthetic strategies, nowadays only direct condensation of pyrrole with aldehydes prevails in the literature.  Consequently, only this strategy has been described in this section.  
 
 
Synthesis Using Al2O3 as a Solid Support 
 Gross et al. performed the reaction of pyrrole and the aldehyde on a solid support, with Al2O3 in the absence of solvent.  Heating mixture of pentafluorobenzaldehyde with pyrrole on Al2O3 for 4 h, followed by suspending it in CH2Cl2 and adding 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),  the desired corrole was obtained in 11% yield. The yields of the reaction were satisfactory in the presence of fluorinated benzaldehydes, while in the presence of less reactive aldehydes a significant reduction of yields or the complete failure of the reaction was observed.9 
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Scheme 3. Synthetic strategies leading to meso-substituted corroles via bilanes as intermediates. 
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In 2003 Collman and Decréau suggested another modification by using microwaves for heating of the reaction mixture. Starting from electron-withdrawing aldehydes, several A3-corroles were obtained, but yield improvements achieved by microwaves vs classical heating was rather small.46  
 
Modified Rothemund method47 
 This procedure is quite similar to Rothemund method for arylporphyrins synthesis, modified in order to promote corrole formation: the ratio of pyrrole/aldehyde was changed from 1:1 to 3:1.10,48 By reacting pyrrole and aromatic aldehyde in refluxing acetic or propionic acid, a mixture of corrole and porphyrin is generally obtained, which represents the nuisance in this procedure. As a consequence, the overall yield is reduced due to an inefficient separation; indeed corrole and porphyrin have a quite similar Rf factor. However, in the case of 4-nitrobenzaldehyde (22% yield), no traces of porphyrin were evidenced; making this methodology the best option for the synthesis of 5,10,15-tris(4-nitrophenyl)corrole over the last 15 years.49,50 
 
Modified Lindsey method12 
 This method applies particularly to planar aromatic aldehydes possessing a large molecular mass that cannot dissolve in pyrrole or in boiling acetic acid. This approach, which can be considered a modification of the Lindsey procedure for the preparation of tetraarylporphyrins involves a two-step reaction. In the first step a tenfold excess of pyrrole and aldehyde in CH2Cl2 using trifluoroacetic acid (TFA) as a catalyst; dilution with solvent increases the formation of bilane from pyrrolic Fragments. The final step, oxidative ring closure, was carried out with chloranil, affording corrole in satisfactory yields, while the corresponding porphyrin was not present or was observed only in traces among reaction products. The results obtained showed good generality for the use of several aldehydes bearing different substitution pattern.51 
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Very recently, Virgil and co-workers  revisited the mechanism of corrole oligomerization and cyclization steps in an effort to achieve a scalable synthesis with an increased yield.52–54 They purified bilane and, under optimized conditions, afforded a favourable yield of 84% starting from pentafluorobenzaldehyde. Furthermore, they discovered that evaporation of pyrrole before adding DDQ reduced the formation of polymeric byproducts and simplified purification. Moreover they were able to perform a scalable synthesis directly from aldehyde and pyrrole without intermediate purification, afforded 17% of the corrole over two steps on the impressive scale of 4.6 g.  
Modified Král method 
 Gryko approach starts from the results obtained by Kral’s work on dipyrromethanes.55 The reaction was performed in a mixture of water and methanol and catalysed by HCl. This procedure is based on the different solubility of pyrrole and aldehyde, either soluble in H2O, and dipyrromethanes which is not soluble, so it forms a white suspension. Gryko starting point was a careful optimization of pyrrole-aldehyde and water-organic solvent ratios to force reaction toward longer pyrrolic compound like bilane. In the published procedure for the synthesis of A3 corroles, a twofold excess of pyrrole and aldehyde (10:5 mmol) were dissolved in a mixture water-methanol, followed by the addiction of a catalytic amount of HCl; immediately the more lipophilic tetrapyrrane precipitated from the reaction mixture, which was then diluted with chloroform, and oxidized with chloranil. This procedure is therefore particularly suited to aryl-aldehydes bearing substituents without strong electron releasing or withdrawing effects, giving the corresponding corroles in good yields. 
 
Synthesis of meso-substituted trans A2B Corroles 
 In agreement with the nomenclature used for porphyrins, corroles with the same substituents at positions 5 and 15, and a different substituent at position 10 are called 
trans-A2B-corroles, while corroles with two identical substituents at positions 5 (or 15) and 10 and a different substituent at position 15 (or 5) are called cis-A2B corroles. 
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Although both cis-A2Bcorroles and trans-A2B-corroles are equally possible, the latter is considerably more popular because of synthetic accessibility (Figure 9). A summary of procedures until now elaborated includes:   
 Synthesis from Aldehydes and Dipyrromethanes 
 Synthesis from 2,2’-Bipyrrole and Dipyrromethanes−Diols 
 Synthesis from Alkyl Oxalyl Chlorides and Dipyrromethanes  
 Synthesis from Dipyrromethanes−Diols and Pyrrole 
 The most general procedure involves the synthesis directly from aldehydes and dipyrromethanes. In this scenario, several approaches and modification to the set of conditions already published for trans A2B2 porphyrins porphyrins were performed.56–58 However, the concomitant scrambling represented the nuisance in the trans A2B corrole synthesis. By scrambling is meant the undesired rearrangement of substituted dipyrromethanes or bilanes leading to a mixture of products bearing different types and/or patterns of substituents at the perimeter of the macrocycle (Scheme 4).   
 
 
Scheme 4. Scrambling mechanism.  Several synthetic approaches have been optimized during the last two decades in order to prevent this secondary effect.  The first example of this approach was reported in 2001 by Gryko;11 the reaction of mesityl dipyrromethane with fluoro substituted benzaldehydes afforded the corresponding A2B corroles in moderate yields (4-19%). In the preliminary communication the reaction has been reported to be successful only with activated liquid aldehydes and was carried out without the addition of acid as a catalyst.  Later, it 
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was discovered that the acid catalysis is necessary for the success of the reaction; at the beginning the catalysis was performed by the presence of small amounts of benzoic acids present as contaminants in the liquid aldehydes.  Later, it was found that an increase in the concentration of acid (TFA) up to 13 mM represented an efficient method for the synthesis of A2B corroles without scrambling for the sterically hindered dipyrromethanes, reducing considerably the reaction time.59  Aromatic and lipophilic aldehydes react preferably in CH2Cl2 in the presence of TFA and DDQ as oxidant. Different sets of conditions were proposed for hindered or unhindered aldehydes, by varying the amount of aldehyde ,TFA, along with the time of acid-catalyzed step.59–61 In 2006, Gryko and Koszarna extended the methodology used for A3 Corroles to A2B corroles in same paper.62 Particularly suited to small and hydrophilic aldehydes and dipyrromethanes, the reaction was performed in a mixture of water and methanol in the presence of HCl, giving the corresponding corroles in good yields with no scrambling. 
15 
Corrole-based applications 
 
Corrole-based applications 
 Taking advantage of all the optimized synthetic methodologies, the scientific interest in corroles has continuously increased, as witnessed by the abundance of studies dealing with the theoretical63,64 as well as more application-related aspects (Figure 
10). The very first review on corrole applications was put forward in 2007 by Aviv and Gross.65 Since then, particularly in recent years, several research groups have considered corrole derivatives as their research targets. As a result, it became known that such compounds can play an important role in oxidation or group transfer catalysis,66 specifically in the areas of cyclopropanation,67,68 C-H insertion, N-H insertion,65 and aziridination.69,70  They have been widely exploited in  dye-sensitized solar cells (DSSCs),71–73 photoactive arrays,74 sensing applications,75–79 molecular spintronics80 and nonlinear optics.63,81,82  
 Figure 10. Examples of some of the most important applications of Corroles. 
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More recently, corrole has been proven to be an outstanding electrocatalyst for the reduction of O2, with a better long-term durability compared to commercially used high-cost Pt/C catalyst.83–86  Another well documented application is the corrole’s use in photodynamic therapy (PDT), where, compared with a variety of porphyrins, corroles demonstrated superior efficiency in inhibition of endothelial cell proliferation, as well as tumour progression and metastasis.87,88 The potential applications already demonstrated are very significant and point to new developments and further studies in all those areas.  
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Introduction 
Thesis distribution  
 The aim of this Thesis is the preparation and characterization of new corrole-based expanded systems and it has been organized in two parts.  
Chapter 1 is centered on the design and synthesis of annulated corroles bearing a pyrazino functionality as a linker (Figure 11). Special emphasis is made on the state of the art of this field and on the different types of functionalization performed to achieve the goal. This chapter is, at the same time, divided in two sections, according to the two main synthetic protocols we used to obtain different complexes.   
 
Figure 11. Schematic representation of the target corroles bearing annulated pyrazine moieties in their β-positions that will be studied in Chapter 1.  
Chapter 2 is centered on the use of phthalocyanines for the construction of hybrids with corroles and their preliminary study as photoactive materials for their application in solar technologies. This chapter is, at the same time, divided in two sections. The first one is dealing with covalent systems of phthalocyanines and corroles, bearing different types of donor and acceptor units.  The second section is centered on supramolecular corrole-phthalocyanine conjugates, in which the phthalocyanine was designed to act as the electron acceptor group. Two different corroles were prepared, that we expected them to act as the electron donor counterpart. Their electron donor behaviour towards the phthalocyanine was herein studied (Figure 12).  
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Figure 12. Schematic representation covalently and supramolecular conjugated Corr_Pc that will be studied in Chapter 2.   Specific objectives to be met in the research will be listed in each chapter.                    
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       1                       Chapter I 
             Expanded Corroles by             β-fused aromatic rings  
 
Functionalization of aminocorroles 
State of the Art   Studies related to the chemistry of tetrapyrrolic macrocycles have as their objective not only to develop strategies and methods of synthesis of these compounds, but also their transformation, modeling them together with their properties, for the most diverse areas that are intended to be applied for.  That is why it is important to elaborate synthetic modifications that can finely tune the corrole properties to match the target application.  In this scenario, both the lower symmetry (than porphyrin) of the corrole and its frequently unpredictable reactivity make it difficult to optimize simple protocols for the functionalization of the corrole ring, leaving this chemistry far less developed than that of porphyrins.  Although the synthetic availability of corrole has been greatly improved in the last few years by the optimization of different synthetic routes, the preparation of corrole conjugated arrays has been sparsely explored. Among the different corrole functionalization, in recent years we have been interested in the fusion of aromatic substituents at the β-positions, thus expanding the conjugation of the system.  It is well known that in the case of porphyrins, the introduction of fused π-conjugated units strongly modifies the electronic character of the resulting chromophores, affording porphyrin systems with unique optical and electrochemical properties.1,2 To the best of our knowledge, corrole β-pyrrolic post-functionalization remains less explored than that of meso-aryl positions.  Furthermore, most of the examples reported in the literature are fitted for 5,10,15-tris(pentafluorophenyl) corrole and does not work for other arylcorroles.  In this regard, several methods involving different types of functionalization have been used for the synthesis of a wide range of β-substituted corrole macrocycles. The most recent procedures to perform β-annulated corroles will be highlighted. The first example of corroles with annulated aromatic rings was described by Cavaleiro and co-workers in 2004 as an extension of their studies in the porphyrin field.3.  It was shown that 5,10,15-tris (pentafluorophenyl)corrole, in the presence of pentacene in 1,2,4-trichlorobenzene at 200 °C can act either as a 2π- or as a 4π component in Diels–Alder reactions. After 6 h, the corresponding dehydrogenated Diels–Alder [4+2] 
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cycloadducts  and the symmetry-forbidden [4+4] cycloadduct, were obtained in moderate yields (Scheme 1.1).4  
    Different dehydrogenated Diels–Alder [4+2] cycloadducts were obtained using other polycyclic aromatic dienes, such as anthracene, tetracene, 9,10-dimethylanthracene, and naphtho[2,3-a]pirene (Scheme 1.2 a,b,c,d respectively).  
   
Kräutler and co-workers synthesize from β,β’-sulfolenopyrrole and di-
tertbutylbenzaldehyde the corresponding dipyrromethane.  By condensation with p-tolualdehyde they obtained the tetra-β,β’-sulfoleno-corrole and used it as 4π dienes in Diels–Alder reactions (Scheme 1.3).  
 
Scheme 1.3. Preparation of difullero-corrole derivative.   
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Scheme 1.1. Cycloaddition reactions of 5,10,15-tris-(pentafluorophenyl)corrole with pentacene. 
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Scheme 1.2. Different dehydrogenated cycloadducts obtained by cycloaddition reactions. 
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The regioselective extrusion of SO2 in pyrroles rings A and D was obtained performing the reaction in 1,2-dichlorobenzene at 140°C in a large excess of C60 (30 equivalents). After 9 min the difullereno-corrole was obtained in high yields (83%).5 The possibility of using β-vinylcorroles as dienes in Diels–Alder reaction was also investigated.6 By introducing of a vinyl group in the corrole macrocycle through a Wittig-modified reaction on the 3-formyl derivative of gallium(III) complex of 5,10,15-tris(pentafluorophenyl)-corrole, the corresponding of 3-vinyl derivative was obtained (Scheme 1.4).7  
 
   The reaction was performed in the presence of 1,4-benzoquinone and 1,4-naphthoquinone in refluxing toluene, affording the corresponding dehydrogenated cycloadducts in high yields (64% and 76%, respectively,) which were characterized as compounds 1.4.a and 1.4.b.6 Furthermore, it was shown that compound 1.4.b could be used as chemosensor for anions and amines, showing good affinity for fluoride, nicotine, and caffeine in water samples (Figure 1.1).6 
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Scheme 1.4. Preparation of 3-Vinyl-corrole derivative as diene in Diels-Alder reactions. 
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  Using the same substrate, the 3-vinyl-corrolato gallium(III)pyridine, 1.4.a other π-extended quinone-fused corroles were obtained by Cavaleiro and co-workers through the synthesis of an azomethine ylide. The reaction was performed using the 3-viniyl derivative with N-methylglycine in refluxing toluene.  In the study the reaction of azomethine ylide with several dipolarophile (C60, dimethyl fumarate, dimethyl acetylenedicarboxylate and different quinines) was described.  In the particular case of 1,4-naphthoquinone and 1,4-anthraquinone, besides the expected dehydrogenated cycloadducts, the quinone-fused corroles have been isolated, in moderate yields (18% and 46%, respectively), (Scheme 
1.5).8  
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Scheme 1.5. Preparation of corrole azomethine ylide and 1,3-dipolar cycloaddition reaction with 1,4-naphthoquinone and 1,4-anthraquinone. 
Figure 1.1. Chemosensor capability of the corrole ring: Interaction with caffeine (a) and nicotine (b). 
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Same result was obtained with the 2-formyl derivative 1,4-naththoquinone: the expected dehydrogenated cycloadduct was once more accompanied by the π-extended chromophore (Scheme 1.6) 9 
 
   Other examples of more symmetric annulations are given by tetrabenzocorroles (TBC). Reported for the first time by Paolesse and co-workers, one of the possible synthetic strategies followed the most common way for the benzoporphyrin syntheses,10–13 where substituted pyrroles are used to prepared the functionalized corrole ring. The reaction involved the condensation of a benzaldehyde with tetrahydroisoindole, leading to the formation of the tetrabenzocorrole in very moderate yields, upon oxidation of the intermediate tetrabutanocorrole (Scheme 1.7).14  
 
  More recently, Shen and co-workers obtained a Cu-TBC from a copper bicyclo[2.2.2]octadiene (BCOD)-fused corrole through a retro Diels-Alder approach (Scheme 1.8).15  In the procedure, 4,7-dihydro-4,7-ethano-2H-isoindole and benzaldehyde were dissolved in a mixture of H2O and CH3OH, followed by a small amount of HCl 36%.  Further oxidation with chloranil and complexation with Cu(II) acetate afforded the desired Cu-BCOD in moderate yields (19%).  Heating the macrocycle at 250 °C under vacuum (2 mmHg) for 20 min leads to the elimination of four ethylene molecules and the formation of Cu-tetrabenzocorrole in quantitative yield. 
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Scheme 1.6. 1,3-dipolar cycloaddition reaction obtained from a Ga(III) 2-formylcorrole via the corresponding azomethine ylide. 
Scheme 1.7. Synthesis of triaryl-tetrabutanecorrole, further complexation and oxidation to get the tetrabenzocorrole derivative. 
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Cu-TBC was also obtained by sublimation onto an Au(111) substrate under ultrahigh vacuum conditions at ca. 300 °C.  This derivative demonstrated to be a good candidate for molecular spintronics, since π-extended corroles complex can modulate spin states as a result of the modification to the d–π interaction between the metal and ligand.  
   In the case of porphyrins, β-fused π-conjugated systems were mostly obtained through transition metal-catalyzed cross coupling reactions.16,17  For these reactions, the most common starting material is the halogen-substituted macrocycle, and it is therefore mandatory to regioselectively insert the halogen atom into the porphyrin ring.  Several halogenation procedures for the insertion of halogen atoms (Br-, I-, Cl-) into the β-pyrrolic positions of the corrole macrocycle have been exploited.  These strategies are typically based on the use of conventional halogenating reagents: Cl2, Br2, I2 or the corresponding N-halosuccinimides. In the case of corroles this route presents some difficulties: the lower symmetry of the corrole compared with porphyrin leads to the potential formation of a huge number of different regioisomers.18–20 While for several functionalization reactions corroles show a surprisingly high regioselectivity, with pyrroles A and D being more reactive than their B and C counterparts21 the halogenation reaction is far less regioselective, affording a mixture of mono- and poly-halogenated isomers, which are difficult to separate, either as free bases or as metal complexes. For this reason, when the preparation of corroles with β-fused benzene rings using a cross-coupling methodology, based on the Heck procedure, was attempted,14,22 the approach was limited to the preparation of tetrabenzocorroles, using octabromocorrole 
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as the starting material.  This procedure was reported by Paolesse and co-workers for the synthesis of TBC as alternative strategy to the condensation of benzaldehyde with tetrahydroisoindole.  The reaction involved the octabrominated corroles and methyl acrylate in toluene/DMF at 125 °C, for 3 days, in the presence of Pd(OAc)2, PPh3 and K2CO3 (Scheme 1.9).   
    
Functionalization of aminocorroles  With the aim to prepare mono- or di-benzocorroles, our work has focused on the exploration of a different synthetic route for the fusion of aromatic moieties to corrole macrocycles, by using condensation reactions of suitable groups.  Mono- or di-benzocorroles could be of particular interest for the investigation of the influence of the annulated rings on their physicochemical properties, thus offering a way to modulate them by selective functionalization of the corrole π-aromatic system. The specific objective of this chapter is the design, synthesis and characterization of a series of β-fused annulated corroles.  As explained above, the lack of effective synthetic strategies for corrole regioselective modification is still a nuisance, even if considerable efforts have been made to develop selective methods that allow the effective functionalization of the macrocycle. Moreover, the presence of two vicinal moieties in 
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Scheme 1.9. Synthesis of TBC through Heck cross-coupling reaction. 
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the corrole β positions is mandatory for the construction of annulated systems. This makes the synthesis even more difficult. To circumvent these limitations, the preparation of corroles bearing a nitro and a vicinal amino moiety was chosen as the most suitable strategy for further developments.  Synthetic methodologies available for the insertion of the above mentioned functionalizations are discussed briefly in the following sections.  
Nitration  Among the possible β-corrole modifications, nitration is considered particularly appealing, since the nitro group is a useful starting function for further developments.  Several protocols have been developed to give access to corroles bearing one or more nitro groups directly linked to β-pyrrolic positions.23,24 The nitration of the Ga(III) complex of 5,10,15-tris(pentafluorophenyl)corrole was firstly reported by Gross and co-workers in 2002.  The reaction was performed with an excess NaNO2 in acetonitrile, followed by the addition of tris(4-bromophenyl)-aminium hexachloroantimonate, a one electron oxidant.  Depending on the amount of oxidant used (75, 200 and 300 mol %), the reaction gives the 3-nitro-, the 3,17-dinitro-, and the 2,3,17-trinitrocorrole derivatives as the main products (84%, 94% and 58%, respectively) (Scheme 1.10).  Most important, all three products were obtained as single isomers, that is, only one out of four possible mono-, one out of 16 di-, and one out of 28 tri-nitro corroles. Moreover, the authors suggested that under these reaction conditions (very large excess of NaNO2), the hexachloroantimonate oxidizes NO2- to NO2, rather than the corrole to its 
π-cation radical.  
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  Paolesse and co-workers also studied the nitration of germanium(IV) complex of 5,10,15-triphenylcorrole using two different methods. In the first one, the presence of the mild nitrating system as LiNO3/ Ac2O/AcOH led to the formation of the Ge(IV) 3-nitrocorrole monomer and the corresponding Ge(IV) 3-nitrocorrole μ-oxo dimer.  The other approach involved the use of NaNO3 in Ac2O/AcOH, a more severe nitrating mixture, aiming to obtain polysubstituted products.  In this case, the two main products identified were the μ-oxo dimers of the dinitro corrole.  Upon the addition of dilute HCl, the dimers were converted into the monomeric species, bearing Cl- and OH- as axial ligands (Scheme 1.11).  Crystallization of the monomeric corroles from CH2Cl2/MeOH gave the methoxy derivatives.  Also in this case, the substitution is highly regioselective in each case, giving only the 3-nitro or 3,17-dinitro derivatives among the different possible isomers.25   
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  Paolesse and co-workers studied the efficiency of various nitrating agents for the nitration of free base corroles and metallo corroles.  It was verified that in the presence of a large excess of AgNO2, the nitration and metallation of the macrocycle occurred simultaneously, affording the corresponding Ag(III) 3-nitrocorrole and the Ag(III)complex of the starting corrole (Scheme 1.12).   
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Furthermore, it was found that electron-releasing meso-aryl groups favoured the nitration while electron-withdrawing aryl groups promoted the decomposition of the corrole ring, with the formation of ring-opened derivatives.  It was observed that, although not being necessary for the success of nitration, addition of I2 increases the rate of the reaction, while the presence of the silver ion is crucial for the success of the reaction.  The role of the silver ion for the nitration at the meso position of β-octaalkylporphyrins was previously elucidated.26 The authors proposed a reaction pathway, where the nitrating agent is the NO2_ ion, which attacks the Ag(III) π-cation radical, formed by oxidation with excess of the Ag+ ion.  Then, a second one-electron oxidation takes place, and the loss of a proton restores the corrole aromaticity (Scheme 1.13).   
  The following reductive demetallation procedure under basic conditions (DBU/THF) led to free base 3-(NO2) corrole derivative.27 Further studies revealed that the reaction with the AgNO2/NaNO2 system was regioselective and gave mono- and dinitrocorrole derivatives when the stoichiometry was carefully controlled.  Using the ratio of 1:1:9 for corrole/AgNO2/ NaNO2 the 3-nitro derivative was obtained as the main product (52% yield) and 2-nitrocorrole as a minor one (Scheme 1.14).  Changing the molar ratio to 1:2:8 (corrole/AgNO2/NaNO2), the 3,17-dinitrocorrole becomes the main product (20% yield).  In the same paper, another approach to obtain selectively the 3,17-dinitrocorrole was reported.  Free base corrole and Cu(OAc)2 were dissolved in pyridine, followed by a huge excess of AgNO2 (1:50), affording the dinitro derivative in a 52% yield. 
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Amination 
 In analogy with the work developed in the porphyrin field,28 several procedures leading to the insertion of amino moieties  are based on the reduction of nitro groups. In 2005, Collman and Decréau29 exploited this approach starting from 5,10,15-tris (2-aminophenyl)corrole, for the synthesis of a series of free base hemoprotein corrole derivatives.  The reduction of 5,10,15-tris(o-nitrophenyl)corrole was achieved in 80% yield by treatment with 9 equiv SnCl2·2H2O in HCl at 70°C, followed by neutralization and extraction with ethyl acetate.  The desired amino-derivative was obtained as a mixture of atropisomers (αβα, ααβ, ααα) (Scheme 1.15).    
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  The same group applied the methodology to other aryl-corroles complexes bearing electron withdrawing substituents at their meso positions.30  Another approach was described by Guilard and co-workers, in their study on the synthetic design of organic−inorganic hybrid materials.31  In their attempt to introduce a (propyl)triethoxysilane in para positions of the phenyl substituent, they reduced the nitro group with H2/Pd/C, followed by the reaction with (3-isocyanatopropyl)triethoxysilane in acetonitrile.  After 4 days, the desired compound was obtained in 68% yield (Scheme 1.16).  
 
  The same group32 obtained corroles bearing a benzylamino group at the meso-position by reduction of an azido moiety.  The corrole was dissolved in THF, followed by a dropwise addition of triphenylphosphine in THF.  Further hydrolysis afforded the amino-derivative in 52% yield (Scheme 1.17).  
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  In 2011 Paolesse and co-workers investigated the role of corroles toward SNAr reactions at free β-positions.  According to the protocol employed for the preparation of 2-amino-3-nitroporphyrins,33 they discovered that the β-nitro group activate nucleophilic substitution on the vicinal positions of the corrole ring.  Performing the reaction on the copper complex of 3-nitrocorrole with 4-amino-4H-1,2,4-triazole in the presence of NaOH using a molar ratio of 1:12:5, the desired 2-amino-3-nitrocorrole was obtained after 45 min (Scheme 1.18).  
  The extension of such experimental conditions to 3,17-dinitro derivative afforded the tetra-substituted 2,18-diamino-3,17-dinitrocorrole (Scheme 1.18).  A similar reaction profile is observed with a Ge(IV) 3-nitrocorrole, giving the 2-amino-3-nitrocorrolate in 50% yield. 
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Since the preparation of corroles bearing vicinal substituents is the first necessary step toward new highly conjugated fused oligomeric systems, these derivatives (bearing  vicinal amino and nitro moieties) have been chosen as building blocks for further developments in this work.   
Results and discussion  Since diamagnetic copper complexes of triarylcorroles are good substrates for the nitration reaction and the subsequent amination, we decided to use copper complex of tris-(5,10,15-tert-butylphenyl)corrole [tBuTPC]Cu as starting material.  This substrate underwent nitration reaction, followed by a vicarious nucleophilic substitution with 4- amino-4H-1,2,4-triazole leading to [2-(NH2)-3-(NO2)-tBuTPC]Cu (1) and 2,18-(NH2)2-3,17-(NO2)2-tBuTPC] Cu (2).33  The first route for the preparation of corroles with annulated aromatic rings exploits the reduction of the nitro group to get the diamino (or tetraamino) moiety and the further one-pot condensation with an α-dione. The other procedure exploit a Pictet-Spengler reaction to obtain a β,β′-pyrrolo(1,2-a)pyrazino-fused corrole.  Both synthetic approaches led up to corroles characterized by having a pyrazine unit in the linker. 
Functionalization by one- pot reduction and condensation  A widely extended method to obtain new expanded porphyrin derivatives relies on the condensation of vicinal diketones with an o-diamino derivative.  It could be achieved by following two main synthetic approaches: whereas in the former case a o-damino 
porphyrin is reacted with an α- dione (diethyl oxalate, 1,2-cyclohexanedione) (Scheme 
1.19a); as far as the second case is concerned, a porphyrin derivative bearing an α-dione moiety is reacted with a aromatic o-diamines (3,4-diaminothiophene, diaminomaleonitrile, 2,3,5,6-tetraamino-1,4-benzoquinone) (Scheme 1.19b). In the case of corrole, all the attempts to obtain the corresponding dione failed, probably due to the facile oxidative decomposition of this macrocycle.  This is the reason why condensation reactions merely involve α-diaminocorrolates as substrates.
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Reaction with 1,2-cyclohexanedione 
 At the outset for the standardization of the reaction conditions for the synthesis of the desired β-fused copper[1,2-b] pyrazinocorrolates, we selected 1,2-cyclohexanedione as a model dione because it could be easily detected using 1H NMR analysis, considering that its protons resonate in the aliphatic region (Scheme 1.20).  For such a purpose the 2,3-diamino copper complexes of the tBuTPC has been prepared by reduction of the corresponding mononitro-monoamino derivatives:33 as well as in the case of porphyrins, the reaction has been carried out in a solvent mixture (CH2Cl2/MeOH 4:1v/v) by using Pd/C 10%wt  as catalyst and NaBH4 as reducing agent.34 Unlike porphyrins, the diamino derivative is not stable, so it should be used as soon as prepared, without a prior purification.  For this reason the reaction was performed one-pot, reducing the nitro group and immediately carrying out the condensation.   
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  The diamino complex was reacted with the dione for 1 h, controlling the reaction progress by TLC; when no more starting material was detected, a brownish spot with the highest Rf appeared together with some degradation products.  The reaction work-up and the chromatographic separation afforded the first fraction as the desired corrole 
3 in moderate yields (26%). The 1H NMR showed broad signals, however it has been possible to observe three signals with different integration values in the aliphatic zone, which underscore the presence of the annulated cyclohexane ring (Figure 1.2). 
 
 The low resolution observed for the 1H NMR spectrum was more serious in the case of the 13C NMR spectrum, where only the signals of the peripheral tert-butyl and cyclohexane groups can be observed.  This broadening can be reasonably due to aggregation phenomena, which also reduced the solubility of these complexes.  
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Scheme 1.20. Synthetic route to 2,3-[1’2’-b]pyrazinocorrolatoCu(II) (3). 
Figure 1.2. 1H NMR spectrum of 3. 
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  The molecular ion peak in the FAB spectrum at m/z 862 was compatible with structure 
3 (Figure 1.3), which was then unequivocally characterized by X-ray analysis (Figure 
1.4) carried out on single crystals obtained from slow diffusion of methanol into a chloroform solution of 3.   
 
 Cu–N distances are in the range 1.898(5)–1.911(5) Å, the longest to the pyrrole fused to pyrazine. The Cu atom lies 0.080 Å out of the best plane of the 23-atom corrole core, which has a saddle distortion with a mean deviation of 0.148 Å from coplanarity. The pyrazino plane is nearly coplanar with the corrole, forming a dihedral angle of 6.0° with it.  
Figure 1.3. FAB spectrum of 3. 
Figure 1.4. Crystal structure of 3, with 50% ellipsoids. 
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The successful preparation of 3 led us to explore the possibility of synthesizing the corresponding corrole bearing two annulated pyrazino rings, using the same synthetic protocol considering the availability of the starting complex 2.  In this case the starting complex was also reduced and then condensed with two equivalents of 1,2-cyclohexanedione to obtain the target complex 4 (Scheme 1.21).    
  The UV-vis spectrum of the compound had a pattern comparable with the monocondensed species; the Soret band exhibited a slight red shift (from 431 nm to 442 nm), as shown in Figure 1.5. Each condensed system contributed with an 11 nm bathochromic shift of the Soret band, it can be adequately explained by the expanded π-aromatic system owing to pyrazine moiety. The magnitude of the shift is in agreement with the data already reported in the literature.14,35,36  
 
Scheme 1.21. Synthetic route to 2,3,17,18-bis-[1’,2’b]pyrazinocorrolatoCu(II) (4). 
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Figure 1.5. UV-vis spectra of [tBuTPC]Cu (purple), 3 (green), 5 (red). 
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 Due to the higher symmetry of the molecule, only two doublets were observed in the 1H NMR spectrum (Figure 1.6), which also showed the severe line broadening observed for 
3.  FAB result was consistent with the formation of the above-mentioned complex, giving a ion peak at 969 m/z (Figure 1.7).  
 
 
 
  We were also able to obtain a single crystal suitable for X-ray crystallographic analysis, which confirmed the formation of the above-mentioned complex (Figure 1.8).  The compound crystallizes with four independent molecules in the asymmetric unit, with Cu–N distances in the range 1.890(3)–1.931(3) Å and mean value 1.908 Å.  For all four molecules, the longest Cu–N distance is to a pyrrole fused to pyrazine, mean value 1.926 Å.  
Figure 1.6. 1H NMR spectrum 4. 
Figure 1.7. FAB spectrum of 4. 
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  The coordination geometry of the Cu center is square planar with a slight tetrahedral distortion, the N atoms lying alternately above and below the CuN4 plane by a mean (of 16) value of 0.178 Å.  The N atoms also lie in an average distance of 0.180 Å from the best plane of the corrole core, while the 19 C atoms are somewhat more coplanar, exhibiting a mean deviation of 0.076 Å.  The pyrazine planes are tipped out of the corrole planes by variable amounts, forming dihedral angles in the range 1.6–12.9°, mean (of 8) 7.5°.  
 
Reaction with 1,4-dibromo-2,3-butanedione and further functionalization 
 As mentioned in the general introduction of this thesis, the functionalization of the corrole core via cycloaddition reactions is another important approach that can give access to a wide variety of novel corrole derivatives.  Up to now in the literature only 5,10,15-tris(pentafluorophenyl)corrole (and the corresponding β-vinylcorrole) was reported, acting either as a 2π or as a 4π component in the presence of pentacene .37,38  To test the scope of the Diels-Alder reaction with other corrole derivatives and with the aim to obtain a functionalized macrocycle, we studied the reaction between the [2-(NH2)3-(NO2)-tBuTPC]Cu complex and 1,4-dibromobutanedione, following the same procedure used for the previous diones (Scheme 1.22). 
Figure 1.8. Crystal structure of 4, with 50% ellipsoids. 
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  The annulated system was obtained with a 30% yield and it was characterized by UV-vis, 1H NMR and mass analyses. 1H NMR showed also in this case a severe line broadening, making the assignment more difficult.  Nevertheless, it has been possible to observe two peaks, at 4.95 and 4.64 ppm, corresponding to the CH2 fused to the pyrazino moiety (Figure 1.9).  UV-vis spectrum of 5 (Figure 1.10) showed a pattern comparable with complex 3, with a red shifted and broad Soret band (if compared with [tBuTPC]Cu) and an unsolved Q bands at 638 nm.  
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Scheme 1.22. Synthetic route to 5. 
Figure 1.9. 1H NMR spectrum 5. Figure 1.10. UV-vis spectrum of 5. 
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FAB mass spectrum shows the molecular ion peak at 994 m/z, consistent with the desired species. Moreover, losses from the molecular ion of bromine atoms are shown at 917 and 833 m/z, respectively (Figure 1.11). 
 
 We decided to use the approach reported for tetraphenylporphyrins with a pyrazine o-quinodimethane derivative providing β-fused annulated systems.  The pyrazine o-quinodimethane was generated in situ from the corresponding 2,3-bis(bromomethyl)pyrazine derivative  in the presence of porphyrins by adding NaI.39  In our case we choose as dienophile 5,10,15,20-tetrakis(pentafluorophenyl) porphyrin (TF5PP), that was prepared following the procedure reported in the literature.40 TF5PP and complex 5 were dissolved in 1,2,4-trichlorobenzene, followed by the addiction of KI.  The reaction was followed by TLC analysis and UV-vis spectroscopy. After 7 hours three main fractions were collected by chromatographic column. The first one corresponded to the TF5PP copper complex, the second one was the TF5PP free base while the last fraction exhibited a corrolic feature, although the quantity of such a species did not permit a thorough characterization.  Moreover, many degradation products were evinced (Scheme 1.23).  
Figure 1.11. FAB spectrum of 5. 
52 
Chapter I 
 
   We tried the same approach with a smaller dienophile in order to avoid steric hindrance.  For such a purpose we chose methyl acrylate.  Even with this type of approach no products were evidenced, and after 3 hours TLC analysis and UV-vis analyses showed the presence of the no reacted starting material and many degradation products (Scheme 1.24). 
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The failure of the reaction both with TF5PP and methyl acrylate could be reasonably explained considering the oxidative environment due to the presence of NaI and the reaction conditions of high temperature, that make the copper corrole susceptible to degradation. 
 
Reaction with 9,10-phenanthrenequinone 
 We directed our own efforts towards the fusion of an aromatic substituent at the macrocycle β-position, in order to enhance the expansion of the π-aromatic system of the macrocycle and the resulting optical features.  With this aim in mind, we chose the 9,10-phenanthrenequinone as the dione for the coupling reaction (Scheme 1.25).   
  Following the same procedure used for 3 and 5, starting from the 2,3-diamino copper complex, we obtain compound 6 in 44% yield.  Also in this case, the desired complex was fully characterized. 1H NMR spectrum was not particularly indicative, since all the phenanthrene signals resonated in the same region of the meso- functionalities, with a partial overlapping between 7 and 7.5 ppm (Figure 1.12). FAB value of 957 m/z matched with 6.  Moreover, we have been able to obtain single crystals suitable for X-ray crystallographic characterization (Figure 1.13).    
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Scheme 1.25. Synthetic route to 6. 
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                       The structure is very similar to that of 4, with Cu–N distances in the range 1.895(2)–1.912(2) Å, the longest to the pyrrole fused to pyrazine.  The Cu atom has slightly tetrahedrally- distorted coordination, with N atoms alternating a mean distance of 0.140 Å above and below the CuN4 plane. Cu lies 0.022 Å out of the best plane of the 23-atom corrole core, which has a saddle distortion with a mean deviation of 0.171 Å from coplanarity.  The phenanthrene pyrazino plane is tilted slightly from the corrole plane, forming a dihedral angle of 4.1° with it. The same reaction was performed on 2 (Scheme 1.26), affording compound 7 in low yields (8%).  
     1H NMR of 7 showed a severe line broadening, making impossible both the integration and the assignment of each peak.  Nevertheless, we were able to observe a FAB peak at 
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Figure 1.12. 1H NMR spectrum 6.  
Figure 1.13. Crystal structure of 6, with 50% ellipsoids. 
 
Scheme 1.26. Synthetic route to 7. 
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1160 m/z, which corresponds to the desired species.  UV-vis comparison between complexes 6 and 7 is shown in Figure 1.14.  Once again, bathochromic shifts of the Soret band were evidenced, by comparing [tBuTPC]Cu with the analogous monoannulated (6) and diannulated (7) derivatives. However, UV-vis comparison of 7 with [tBuTPC]Cu and 6 is not possible, due to its tendency to form aggregates.  This gives rise to a broad Soret band and to scattering phenomena, as it is clear from the high baseline absorbance.   
  
Demetalation  
 It is well known the temperature-dependent magnetic behavior of copper corrolates, which was ascribed to an equilibrium between a diamagnetic Cu(III) corrole and a paramganetic Cu(II) corrole π-cation radical of higher energy.  Thus, 1H NMR spectra of these complexes exhibited broaded and not so well solved signals, because of the overlapped signals of β-pyrrolic and phenyl protons.  Moreover, so as to appreciate the real bathochromic shift from the tBuTPC free base, we decided to remove the copper ion from the macrocycle, following the procedure reported in literature.41 By treating complex 6 with concentrated sulfuric acid in CHCl3 at room temperature, the desired corrole free base 8 was obtained after 10 minutes with moderate yield (27%). FAB peak at 897 m/z was consistent with 8, and 1H NMR showed an increased peak resolution, if compared with the analogous copper complex.  UV-vis absorption spectra of tBuTPC and the selected condensed-corrole free base in CH2Cl2 are shown in Figure 1.15.  
Figure 1.14. UV-vis spectra of [tBuTPC]Cu (red full line), 6 (purple dotted line) and 7 (blue dashed line). 
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These corrole molecules absorb the whole visible spectra region and display characteristic Soret bands, which are found to be drastically red shifted as compared to the starting material, thereby confirming the increase of π-conjugation in these corrole analogues.   
   
Catalytic  hydrogenation and condensation 
 We noticed that the condensation proceeded almost quantitatively, but the crucial factor for the overall yields of the reaction was the reduction step.  The β-aminocorroles are in fact very sensitive to decomposition and most of these intermediates decomposed during the reduction reaction.  For this reason, we decided to investigate the possibility of exploiting reducing systems other than sodium borohydride, with the aim of optimizing both a milder reaction and purification conditions that can eliminate the decomposition of the di- or tetra-amino species. We decided to carry out the catalytic hydrogenation with H2 gas and 10% Pd/C in dry THF.  Unfortunately, the application of this methodology to 1 was not productive, since most of the starting materials was left unreacted and no β-fused system was detected when the condensation reaction was attempted.  In the case of 2, we performed the reaction firstly with 1,2-cyclohexanedione.  To a solution containing corrole 2 in dry THF, the catalyst was added, and the reaction was allowed to stir at room temperature under an excess of hydrogen for 1h 40 min.  Then, the hydrogen was removed and the desired dione added, letting it react overnight.  The isolated product was not the 
Figure 1.15. UV-vis spectra of tBuTPC (red full line) and compound 8 (green dashed line). 
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expected corrole derivative, but the monofunctionalized species 9, which retained a nitro and an amino moieties (Scheme 1.27).  
  Complex 9 was characterized by FAB spectrometry, that gave the molecular peak at 921 m/z, in accordance with the molecular weight of the aforementioned compound. Moreover, the peak at 874 m/z is congruous with the NO2 loss from the macrocycle (Figure 1.16).  
  1H NMR showed two 4H integration peaks in the aliphatic range, and two 1H integration peaks at 6.23 and 6.72 ppm, corresponding to the two NH2 protons, thus confirming the formation of 9.  Moreover, the symmetry reduction of the system provoked a splitting in the tert-butyl signals, which resonate at three different chemical shift values, namely 1.29, 1.36 and 1.41 ppm (Figure 1.17).  
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Scheme 1.27. Hydrogenation of complex  2 and further condensation with 1,2-cyclohexanedione. 
Figure 1.16. FAB spectrum of 9. 
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  The same reaction was performed using 1,4-dibromobutanedione, affording the same monofunctionalized species, bearing the nitro and amino moieties at position 17 and 18 of the macrocycle (Scheme 1.28).  
.   1H NMR spectrum showed the same integration pattern of 9, with two 2H integration peaks in the aliphatic range, corresponding to the CH2 fused to the pyrazino moiety.  FAB spectrum was congruous with the desired complex and showed, also in this case, a peak imputable to the loss of the NO2 moiety at 1007m/z; moreover, losses from the molecular ion of bromine atoms are shown at 974 and 892 m/z, respectively (Figure 
1.18). UV-vis comparison between complexes 9 and 10 is shown in Figure 1.19. Both compounds show a comparable pattern, although a 8 nm bathochromic shift for the Soret band of complex 9 was evidenced, if compared with 10. This suggests that the presence of electron-donating (9) or withdrawing groups (10) strongly influence absorption features, even if these substituents are far away from the corrole core. This 
Figure 1.17. 1H NMR of 9. 
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Scheme 1.28. Hydrogenation of complex 2 and further condensation with 1,4-dibromobutanedione.  
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Figure 1.19. UV-vis spectra of 9 (blue full line) and 10 (purple dashed line).  
change constitutes a significant data, considering that the molecular orbitals system of copper-corrole complexes makes them very sensitive to the nature of the substituent placed on meso- position and less to ones on beta-positions.42  In both cases, a shoulder at 374 nm was evidenced, due to the presence of a nitro functionality in corrole β-position, in agreement with the data already reported in the literature.33,43  
   All the attempts to obtain the exhaustive reduction of 2 by Pd/H2 were unsuccessful, since no more than one nitro group ever reacted.  Although this methodology was not useful to increase the yields of the desired difunctionalized species, it should be noted that this approach gave complexes 9 and 10 in good yields, opening the door for the preparation of β-fused corrole systems bearing two different groups annulated at the β-pyrrole positions. The NO2 moiety can be reduced with sodium borohydride, and then the reaction of the two amino groups with a suitable dione could give the desired product. All the expected products with their relative yields are shown in Table 1.1.    
Figure 1.18. FAB spectrum of 10. 
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Table 1.1.  Relative Yields for the Synthesis of annulated corrolates (complexes 1,2,3,4,5,6,7,9,10). 
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Functionalization via Pictet–Spengler approach 
 Heterocycles containing a pyrrolo[1,2-a]pyrazine ring system display numerous pharmacological profiles such as HIV-1 integrase inhibitors,44 5HT3 receptor agonists,45 anticonvulsants,46 Vasopressin1b receptor antagonists 47 and selective non-competitive mGluR5 antagonists.48 This moiety is also useful for making luminescent materials for various applications.18 By considering the biological significance of these two classes of heteroaromatics, we envisaged an efficient strategy to couple a pyrrolo[1,2-a]pyrazine unit at the corrole β,β′-positions. Very recently, the preparation of a β,β′-fused nickel(II) pyrrolo[1,2-a]pyrazino tetraphenylporphyrin by application of the Pictet−Spengler reaction conditions was reported.49 These results led us to explore the application of the same route in the case of corrole using, also in this case, the copper complex 1 of 2-amino- 3-nitrotris( 5,10,15-tert-butylphenyl)corrole as starting material.  
Synthesis of a pyrrole moiety via a Clauson−Kaas reaction 
 The first step of the study involved the synthesis of a N-substituted pyrrole in position 
β of the macrocycle through a Clauson-Kaas reaction. This functionalization represent a widely used synthetic pathway in organic chemistry for the synthesis of pyrroles starting from primary amines with 2,5-dialkoxytetrahydrofurans.50 Complex 1 was dissolved in a mixture of acetic acid and toluene (6:1) in the presence of 2,5-dimethoxytetrahydrofuran.  The solution was heated at reflux for 45 min under a nitrogen atmosphere.  TLC of the reaction mixture showed the complete disappearance of the starting material, and a new product with higher Rf was apparent. The solvent was evaporated, and the compound was purified by column chromatography using CH2Cl2 as the eluent. The main fraction corresponded to the desired complex 11, obtained in 90% yield (Scheme 1.29).   
63 
Results and Discussion 
  Spectroscopic characterization of 11 was in agreement with the proposed structure. Although the 1H NMR spectrum exhibited severe line broadening, with overlapped signals of the β-pyrrolic and phenyl protons, it was possible to observe two multiplets, with double integration value, centered at 7.16 and 6.40 ppm (Figure 1.20), which underscore the presence of pyrrole in position 2 of the macrocycle, in agreement with the chemical shifts observed in the case of porphyrin functionalization.49  
 
  The molecular ion peak in the FAB spectrum at 867 m/z was congruous with such a structure (Figure 1.21), which was unequivocally characterized by X-ray analysis, 
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Scheme 1.29. Synthesis of Compound 11 and further reduction. 
Figure 1.20. 1H NMR spectrum of 11, aromatic range. 
Figure 1.21. FAB spectrum of 11. 
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carried out on single crystals obtained from slow diffusion of methanol in dichlorometane solution of 11 (Figure 1.22). The Cu atom in 11 had slight tetrahedrally distorted square-planar coordination, with the four N atoms an average of 0.154 Å above and below their best plane and Cu−N distances in the range of 1.879(5)−1.906(6) Å. The corrole core has a saddle distortion with β-C atoms an average of 0.394 Å from the 23 atom best plane. The pyrrole and nitro substituents at the 2 and 3 positions are twisted out of the plane of the core pyrrole on which they are substituted, forming dihedral angles of 41.1 and 49.2° respectively, with it.  
                   Corrole 11 was successfully reduced, using 10% Pd/C-NaBH4 in a 4:1 mixture of CH2Cl2/CH3OH to produce [2-(pyrrol-1- yl),3-(NH2)-tBuTPC]Cu (12) (Scheme 1.29) in 83% yield.  In this case, crystallization from a dichloromethane/methanol solution provided crystals for X-ray characterization of 12 (Figure 1.23).  The molecular structure of 12, as the chloroform solvate, is very similar to that of 11, with a slightly greater tetrahedral distortion from the square-planar Cu coordination (mean deviation of four N atoms 0.177 Å) and Cu−N distances in the range of 1.889(5)− 1.909(5) Å.  The corrole core has a slightly less pronounced saddle distortion, with β-C atoms an average of 0.228 Å from the 23 atom best plane. The out-of-plane twist of the pyrrole substituent is comparable at 44.8°. As already experienced for complex 11, the 1H NMR spectrum 
Figure 1.22. Crystal structure of 11. Figure 1.23. Crystal structure of 12. 
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showed broad signals, but it was possible to observe a signal at 2.97 ppm, attributable to the NH2 protons (Figure 1.24).  
 It is interesting to note that both complexes 11 and 12 were obtained in yields higher than those for the analogous porphyrins, an unusual feature for corrole functionalizations.  
π-extended β,β'-copper (II) pyrrolo[1,2-a]pyrazinocorrolates via a Pictet-Spengler 
reaction 
 In the Pictet-Spengler reaction dodecylbenzenesulfonic acid (DBSA) catalyzes the conversion of a β-arylenylamine (NH2 moiety in corrole C3 position) to a pyrazino unit in the presence of an aldehyde.51,52  We selected p-tolualdehyde as model substrate because it could be easily detected using 1H NMR analysis. To a solution of 12 and aldehyde in 1,4-dioxane (4 mL), dodecylbenzenesulfonic acid (DBSA, 10% molar ratio) was added and the reaction mixture was stirred at room temperature.  Progress of the reaction was monitored by TLC, which showed incomplete conversion of the starting corrole.  We tried to improve the reaction of 12 by prolonging the reaction time, but this attempt led to an increase of decomposition products, while an increase of the DBSA amount was unsuccessful.  For these reasons, we decided to stop the reaction after 2 h.  TLC analysis of the crude mixture showed, apart from the starting material, two reaction products.  Chromatographic separation of the corresponding bands afforded the expected β,β′-pyrrolo[1,2-a]pyrazino-fused corrole 
13 as a fast moving fraction in moderate yields (32%, Scheme 1.30). Spectroscopic characterization of 13 was in agreement with the proposed structure, FAB spectrum showing a molecular peak at 934 m/z, and the 1H NMR spectrum showing 
Figure 1.24. 1H NMR spectrum of 12. 
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a 3-proton singlet at 2.43 ppm, in keeping with the presence of the CH3 moiety (Figure 
1.25).  
   The second fraction was obtained in lower amount than 13 and the 1H NMR spectrum of the compound showed the absence of the resonances attributable to the 4-methylphenyl substituent, while an additional singlet at 8.56 was present (Figure 1.26). The FAB mass spectrum also indicated a molecular peak at 849 m/z, confirming the absence in the product of the peripheral 4- methylphenyl unit.  
  These features led us to hypothesize the formation of 14 (Scheme 1.30), which was unambiguously confirmed by X-ray characterization (Figure 1.27).  
Figure 1.25. 1H NMR of 13. 
Figure 1.26. 1H NMR of 14, aromatic range. 
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Scheme 1.30. Proposed mechanism for the DBSA-catalyzed synthesis of β,β′-fused copper(II) pyrrolo[1,2-
a]pyrazinocorrolates (13-16). 
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  The structure of 14 as the chloroform solvate is very similar to those of 11 and 12. Coordination geometry of the Cu atom is also square-planar with a small tetrahedral distortion, with the N atoms lying alternately an average of 0.145 Å above and below their best plane. The Cu−N distances are experimentally indistinguishable, in the range of 1.903(2)−1.905(2) Å. The corrole core has a saddle distortion with β-C atoms an average of 0.391 Å from the 23 atom best plane.  Cyclization prevents the pyrrolopyrazino substituent from deviating much from coplanarity with the core pyrrole to which it is fused, with the dihedral angle between those moieties being 3.5°.  To the best of our knowledge, the formation of 14 is novel for the Pictet−Spengler reaction, and a similar pathway has not been observed in the reaction of Ni tetraphenylporphyrin.53  Formation of 14 probably occurs after the formation of the cyclic adduct, with the subsequent aromatization occurring with the competing elimination of H2 or toluene, leading to 13 or 14 (Scheme 1.30). To investigate the generality of this reaction and the relative influence of benzaldehyde substituents on the product pattern, we reacted 12 with two additional benzaldehydes, bearing at the 4- position a strongly or a weakly electron-withdrawing group, namely 4-nitrobenzaldehyde and 4-bromobenzaldehyde, to complete the series with the electron-donating character of the methyl group.  In all cases, the expected products (15, 16) were obtained with formation of 14 (Table 
1.2). 
Figure 1.27. Crystal structure of 14. 
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The highest yields were obtained with 4-methylbenzaldehyde; this result seems to indicate that electron-rich benzaldehydes can favour the formation of 14. FAB spectrum of derivatives 15 and 16 showed a major peak at 1000 and 969 m/z respectively, corresponding to the molecular ion.  Moreover, 1H NMR spectra of the aforesaid derivatives exhibited pattern similar to 13.  UV/vis absorption spectra of [tBuTPC]Cu, complexes 13,15,16 and compound 14 are shown in Figure 1.28.   
  These molecules displayed characteristic Soret bands between λmax 425 and 433 nm, which are red-shifted compared to the starting complex (Soret band at λmax 418 nm).  Bathochromic shifts observed for these complexes are similar to those observed for the analogous corroles bearing β-annulated aromatic rings,14 thereby confirming the increase in π-conjugation in these corrole analogues. To further elucidate the influence of the β-annulation on the corrole properties, we carried out the cyclic voltammetry of 13 and 14 (Figure 1.29)   
  
Table 1.2. Relative Yields for the Synthesis of 13-16a 
R Product Yield 
p-CH3C6H4 13 32% 
 14 19% 
p-BrC6H4 15 21% 
 14 16% 
p-NO2C6H4 16 29% 
 14 9% aCalculated based on unreacted starting material. 
Figure 1.28. Electronic absorption spectra of 
[tBuTPC]Cu and corroles 13-16, in CH2Cl2 solution. 
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     For both compounds, we observed an appreciable shift of the first oxidation potential to values lower than that of [tBuTPC]Cu,33 which is further confirmation of the π-conjugation increase operated by the annulated pyrrolopyrazino ring (Table 1.3).  Furthermore, we did not observe a second oxidation process up to 1.5 V, where an irreversible reaction occurs.  Since for [tBuTPC]Cu the second oxidation process occurs at 1.31 V,33 this result further indicates a strong influence operated by the annulated ring.  It is also interesting to note that this influence can be modulated by acids.  A drop of TFA, inducing the protonation of the fused pyrrolopyrazino ring, strongly reduces the 
π- conjugation of the β-annulated aromatic ring, resulting in the blue shift of the corrole Soret bands in the UV−vis spectrum (Figure 1.30), which becomes similar to that of [tBuTPC]Cu.  For the same reason, in the cyclic voltammogram, we observe a significant increase of about 200 mV of the first oxidation potential for both 13 and 14.  The 
a) Cyclic voltammogram of 13. 
d) Cyclic voltammogram of 14 (blue line), and upon addition of one drop of TFA (red line).  
b) Cyclic voltammogram of 13 (blue line), and upon addition of one drop of TFA (red line). 
c) Cyclic voltammogram of 14. 
Figure 1.29. Cyclic voltammograms of 13 (a,b) and 14(b,c), in CH2Cl2 (0.1 M TBAH) at room temperature using a glassy carbon electrode measured at 100 mV/s. Potentials vs SCE. 
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presence of the charged pyrazino ring induces a shift similar to that of a peripheral nitro group.33 The process is reversible because, with the addition of a base, the original spectral features are recovered.  
  
Vilsmeier-Haack formilation of 2-(pyrrol-1-yl)-3-nitro corrolate 
 The opportunity to obtain easily with high yield new corrole derivatives bearing an (pyrrol-1-yl) moiety (compounds 11 and 12) opens a novel opportunity to further corrole modifications. To widen the scope of corrole functionalization, we have been particularly interested in the formylation reaction, because it represents the easiest way to introduce a carbon atom at a macrocyclic peripheral position, thus constituting an useful starting point for further developments.  Moreover, in the case of corroles, the efficiency of the Vilsmeier–Haack reaction is well established, giving access functionalized species in excellent yields.9,54–56 Complex 11 was chosen as the best candidate for this reaction.  Although it disposes of eight β- and two α- pyrrolic positions available for the functionalization, it is reasonable to assume that α positions could be preferred. The intermediate formed by α attack is more resonance stabilized, and the activation energy leading to it will be reduced. 
Figure 1.30. Electronic absorption spectra of 14 (black dotted line) and 14 upon addition of a few drops of TFA (red solid line) in CH2Cl2 solution. 
Table 1.3. Half-Wave Potentials (V vs SCE) of Cu Corroles in CH2Cl2 Containing 0.1 M TBAH.  
R Eox Ered 
[tBuTPC]Cu 0.71 -0.17 
13 0.64 -0.22 
 0.86a  
14 0.64 -0.24 
 0.85a  aUpon TFA addition. 
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The synthesis was performed using the procedure already reported in the literature for the formylation on corroles β-positions.55  The reaction was carried out by adding the Vilsmeier reagent POCl3/DMF (1:110 molar ratio) to a solution of 11 in dry dichloromethane, at room temperature under an inert atmosphere.  The expected corrole complex 17 was obtained as the only product with 50% yields (Scheme 1.31).   
 The ESI spectrum of derivative 17 showed a major peak at 892 m/z corresponding to the molecular ion, together with some small peaks at lower intensities due to fragmentation.  Moreover 1H NMR spectrum showed 1-proton singlet at 9.61 ppm, in keeping with the presence of only one formyl group.  UV-vis spectra of compounds 11 and 17 showed a pattern comparable (Figure 1.31), with a red shift of both Soret and Q bands.  Whilst the bathochromic shift of the Soret band is negligible (3 nm), the second Q band exhibited a more drastic shift (15nm).  Moreover, both compounds retain a peak at 374 nm, corresponding to the NO2 functionality. 
 Further evidence of this functionalization was obtained by X-ray analysis, confirming the position of the formyl group on pyrrole α position (Figure 1.32). 
NN
N N
Cu
O2N
N 1. POCl3/DMF, N2,
 rt, 3h
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O
Scheme 1.31. Vilsmeier formylation on 11. 
Figure 1.31. Electronic absorption spectra of 11 (red solid line) and 17 (blue dotted line) in CH2Cl2 solution. 
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Figure 1.32. Crystal structure of 17. 
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Summary and conclusions 
 In the first part of this Chapter, we synthesized and characterized new families of β-fused corroles through a simple one-pot reduction and condensation reaction. The influence of the pyrazino units and of the different substituents in the optical properties of corroles has been studied.  The X-ray crystallographic characterization and electronic absorption spectra highlight interesting features of these derivatives. Peripheral conjugated substituents produce large bathochromic shifts in both Soret e Q-bands. Considering the Soret band, the extent of this red shift is of 11 nm per pyrazino unit. None of the newly prepared copper complexes showed any fluorescence emission.  An easy demetallation procedure also allows us to obtain the corresponding free base derivatives, opening the door to the preparation of different metal complexes, with the possible modulation of the related photophysical characteristics and potentially making these species suitable for optoelectronic applications. In the second part of this Chapter, we developed a simple synthetic route by which we obtained β,β′-fused copper(II) pyrrolo[1,2-a]pyrazinocorroles. The annulated aromatic group opens a novel opportunity to modulate the photophysical and redox properties of corroles. In this reaction, corrole reveals once again an unusual reactivity pattern, affording the unsubstituted pyrrolopyrazino substituent by an unprecedented reaction pathway. This route is very encouraging for the development of new π-extended corrole architectures, particularly appealing as useful functional materials  
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Experimental section 
 
 
Materials and Instruments 
 Chemical reagents and solvents (Sigma-Aldrich, Alfa Aesar, Fluka Chemie and Carlo Erba Reagenti) were of the highest grade available and were used without further purification. Additionally, some solvents were further dried by distillation with LiAlH4 (THF,Toluene), or with previously activated molecular sieves (3 or 4 Å), or with a solvent purifying system by Innovative Technology Inc. MD-4-PS. Air- and moisture sensitive experiments were carried out using standard Schlenk line techniques.  
Chromatography: Thin layer chromatography (TLC) analyses were performed on aluminum sheets coated with silica gel 60 F254  or neutral alumina 60 F254 (Merck). TLCs analyses were carried out with an UV lamp of 254 and 365 nm.  Column chromatography was carried out using silica gel Merck-60 (230-400 mesh, 60 Å), Sigma-Aldrich (70−230 mesh, 60 Å) and and neutral alumina (Merk, Brockmann Grade III) as the solid support. Eluents and relative proportions are indicated for each particular case.  
Nuclear magnetic resonance (NMR): 1H and 13C NMR spectra were measured on a Bruker AV300 (300 MHz), or a Bruker AC-300 (300 MHz) spectrometer, locked on deuterated solvents. Chemical shifts are given in ppm relative to residual solvents using literature reference of δ ppm values.57  
Mass-spectrometry (MS): mass spectra were recorded employing Electrospray ionization (ESI), or Fast Atom Bombardment (FAB), using a VG Quattro spectrometer in the positive-ion mode for FAB. The different matrixes employed are indicated for each spectrum. Mass spectrometry data are expressed in m/z units.  
Ultraviolet-visible spectroscopy: UV–vis spectra were recorded on a Varian Cary 50 spectrophotometer. using spectroscopic grade solvents in 1 cm path length quartz cell. 
Electrochemistry: cyclic voltammetry (CV) experiments were performed with a Palmsens potentiostat, using a standard calomel electrode (SCE) as the reference electrode, a platinum wire as the auxiliary electrode and a platinum disk (1 mm diameter) as working electrode. The experiments were performed in  anhydrous  CH2Cl2 and THF using  tetrabutylammonium  hexafluorophosphate  (TBAH,  
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Aldrich,electrochemical grade) as supporting electrolyte at 100 mV/s scan rate. Prior to each voltammetric measurement, the cell was degassed by bubbling with nitrogen for about 20 min. Electrochemical measurements were performed using a concentration of approximately 1 × 10-3 M for the compound in question. Compensation for internal resistance was not applied. 
X-Ray diffraction: X-ray data were collected at low temperature with CuKα or MoKα radiation on a Bruker Kappa Apex-II DUO diffractometer. 
 
Synthetic procedures 
 2-amino-3-nitro-5,10,15-tris(4-tert-butyl)corrolato-Cu (1) and 2,18-diamino-3,17-dinitro-5,10,15-tris(4-tert-butyl)corrolato-Cu (3) were prepared following a literature procedure.33  
General procedure for the syntheses of β-fused 2,3-[1’,2’-b]pyrazinocorrolato-Cu(II) 
 Corrole 1 (35 mg, 0.043 mmol) was dissolved in a mixture of CH2Cl2 (24 mL) and CH3OH (6 mL) and allowed to stir under nitrogen for 10 min. 10% Pd on activated carbon (35 mg, 0.329 mmol) and NaBH4 (32 mg, 0.860 mmol) were added and the mixture was stirred under nitrogen for 10 min. The solution immediately turned bright green and TLC monitoring showed almost quantitative consumption of the starting complex. The reduction was considered complete when a Soret band at 420 nm was evident and the shoulder at 370 nm had disappeared. Then the appropriate dione (1.076 mmol) was added, and the mixture was stirred at room temperature for 1 h. The reaction progress was followed using TLC, observing the appearance of a brown streak with a larger Rf. UV-vis spectroscopy showed a bathochromic shift of the Soret band. Once the reaction was complete, the mixture was filtered through Celite. The filtrate was collected and evaporated under reduced pressure. The crude product was purified on a silica gel column using CH2Cl2 as the eluent. The characterization data of all the newly prepared compounds are given below.      
77 
Experimental section 
2,3-[1’-2’-Cyclohexane(b)pyrazino]-5,10,15-tris(4-tert-butylphenyl)corrolato-Cu (3) 
 
  Yield: 26%, brown solid, mp >300 °C; 1H NMR (CD2Cl2, 300 MHz, δ ppm): 1.39 (s, 9H, p-
tBu), 1.42 (s, 9H p-tBu), 1.43 (s, 9H, p-tBu), δ 1.92–1.88 (br m, 4H, cyclohexane), 2.92 (br t, 2H, cyclohexane H), 3.02 (br t, 2H, cyclohexane), 6.71 (br d, 1H, β-pyrr),  7.13 (br d, 1H, 
β-pyrr), 7.22 (br d, 1H, β-pyrr), 7.32 (d, 2H, J = 7.42Hz, β-pyrr), 7.56–7.42 (m, 12H, meso-Ar),    8.08 (br d, 1H, β-pyrr); Anal. Calcd for C55H53CuN6: C, 76.67; H, 6.20; N, 9.75; found: C, 76.61; H, 6.12; N, 9.83; MS (FAB, m/z): 862 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 431 (4.04), 623 (3.77).   
2,3-[1’-2’-bis(bromomethyl)(b)pyrazino]-5,10,15-tris(4-tert-butylphenyl)corrolato-
Cu (5) 
 
 
 Yield: 30%, brown solid, mp >300 °C; 1H NMR (CD2Cl2, 300 MHz, δ ppm): 1.42 (s, 9H, p-
tBu), 1.43 (s, 9H, p-tBu), 1.48 (s, 9H, p-tBu), 4.64 (s, 2H, CH2), 4.95 (s, 2H, CH2), 7.03 (br d, 1H, β-pyrr), 7.17 (br d, 1H, β-pyrr), δ 7.32-7.37 (br m, 3 H, β-pyrr), δ 7.48–7.66 (br m, 12H, meso-Ar), 8.17 ((br d, 1H, β-pyrr); Anal. Calcd for C53H49Br2CuN6: C, 64.08; H, 4.97; N, 8.46; found: C, 64.19; H, 4.92; N, 8.49; MS (FAB, m/z): 994 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 431 (4.68), 643 (sh). 
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2,3-[1’-2’-phenanthrene(b)pyrazino]-5,10,15-tris(4-tert-butylphenyl)corrolato-Cu 
(6)  
  Yield: 44%, brown solid, mp >300 °C; 1H NMR (CD2Cl2, 300 MHz, δ ppm): 1.39 (s, 9H, p-
tBu), 1.43 (s, 9H, p-tBu), 1.58 (s, 9H, p-tBu), 6.48 (br d, 1H, β-pyrr), δ 7.18–7.27 (br m, 8H, phenanthrene), δ 7.34–7.59 (br m, 12H, meso-Ar), 8.08 (d, 2H, J = 7.50 Hz, β-pyrr), 8.26 (br d, 1H, β-pyrr), 8.35 (br d, 1H, β-pyrr), 9.29 (br d, 1H, β-pyrr); Anal. Calcd for C63H53CuN6: C, 79.01; H, 5.58; N, 8.78; found: C, 79.10; H, 5.50; N, 8.74; MS (FAB, m/z): 957 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 423 (4.72), 643 (3.65).   
General procedure for the syntheses of β-fused 2,3,17,18-bis-[1’,2’-b] 
pyrazinocorrolato-Cu(II) 
 Corrole 2 (50 mg, 0.057 mmol) was dissolved in a mixture of CH2Cl2 (32 mL) and CH3OH (8 mL) and allowed to stir under nitrogen for 10 min. 10% Pd on activated carbon (50 mg, 0.470 mmol) and NaBH4 (65 mg, 1.713 mmol) were added and the mixture was stirred under nitrogen for 10 min. The solution immediately became bright green in colour and TLC monitoring showed almost quantitative consumption of the starting complex. The reduction was considered complete when a Soret band at 400 nm was evident and the shoulder at 366 nm had disappeared. Then the appropriate dione (2.856 mmol) was added and the mixture was stirred at room temperature for 1 h. The reaction progress was followed using TLC, monitoring the appearance of a brown streak with a larger Rf. UV-vis spectroscopy showed a bathochromic shift of the Soret band. Once the reaction was complete, the mixture was filtered through Celite. The filtrate was collected and evaporated under reduced pressure. The crude product was purified on a silica gel column using CH2Cl2 as the eluent. The characterization data of all the newly prepared compounds are given below.   
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2,3,17,18-bis[1’-2’-cyclohexane(b)pyrazino]-5,10,15-tris(4-tert-butylphenyl) 
corrolato-Cu (4) 
 
 
 Yield: 11%, brown solid, mp >300 °C; 1H NMR (CDCl3, 300MHz, δ ppm): 1.38 (s, 9H, p-
tBu), 1.43 (s, 18H, p-tBu), δ 1.91–1.87 (br m, 8H, cyclohexane H), 2.97 (br t, 4H, cyclohexane H), 3.10 (br t, 4H, cyclohexane H), 6.69 (br d, 2H, β-pyrr), 7.12 (br d, 2H, β-pyrr), ), δ 7.39–7.36 (m, 6H, meso-Ar), δ 7.54–7.49 (m, 6H, meso-Ar);  Anal. Calcd for C61H59CuN8: C, 75.71; H, 6.14; N, 11.58; found: C, 75.64; H, 6.07; N, 11.66; MS (FAB, m/z): 969 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 442 (4.82), 656 (3.24).  
2,3,17,18-bis[1’-2’-phenanthrene(b)pyrazino]-5,10,15-tris(4-tert-
butylphenyl)corrolato-Cu (7) 
 
  Yield: 8%, brown solid, mp >300 °C; 1H NMR (CDCl3, 300MHz, δ ppm): 1.38 (br m, 27H, 
p-tBu), 7.56 (br d, 2H, meso-Ar), 7.59 (br d, 2H, meso-Ar), δ 7.61–7.63 (br m, 4H, phenanthrene), 7.65 (br d, 2H, meso-Ar), 7.68 (br d, 2H, meso-Ar), 7.73 (s, 4H, phenanthrene), 7.87 (br d, 2H, phenanthrene), 7.90 (br d, 2H, phenanthrene), 8.67 (br d, 2H, β-pyrr), 8.70 (br d, 2H, β-pyrr); Anal. Calcd for C77H59CuN8: C, 79.73; H, 5.13; N, 9.66; found: C, 75.68; H, 5.11; N, 9.61; MS (FAB, m/z): 1160 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 430 (4.78), 668 (sh). 
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2,3-[1’-2’-Phenanthrene(b)pyrazino]-5,10,15-tris(4-tert-butylphenyl)corrole (8) 
 
 
 To a chloroform solution (15 mL) of complex 5 (20 mg, 0.021 mmol) was added conc. sulfuric acid (H2SO4; 1.5 mL). The mixture was stirred at room temperature for 10 min following the progress of the demetalation by TLC analysis and UV-vis spectroscopy (by diluting an aliquot of the reaction mixture in CH3OH). Then, distilled water (20 mL) was added and the organic phase was extracted by adding CHCl3. The organic phase was washed twice with water, then neutralized twice with saturated aqueous NaHCO3 and dried over anhydrous Na2SO4. After evaporation of the solvent, the crude product was purified on a short column of silica gel eluting with CH2Cl2/hexane 1 : 1. The first brown fraction was collected and crystallized from CH2Cl2/methanol affording complex 8 as a dark brown powder (5 mg, 0.006 mmol; 27% yield). 1H NMR (CDCl3, 300 MHz, δ ppm): 9.53 (d, 1H, J = 2.57 Hz, β-pyrr), 8.98 (br d, 1H, β-pyrr), 8.77 (br d, 1H, β-pyrr), 8.69 (br d, 1H, β-pyrr), 8.62 (br d, 1H, β-pyrr), 8.54 (br d, 1H, β-pyrr), 8.19 (d, 2H, J = 7.23 Hz, meso-Ar), 8.02 (d, 2H, J = 7.10 Hz, meso-Ar), 7.92 (d, 2H, J = 8.77 Hz, meso-Ar), 7.83 (d, 2H, J = 7.05 Hz, meso-Ar), δ 7.64–7.58 (br m, 4H, phenanthrene), δ 7.47–7.39 (br m, 4H, phenanthrene), 1.82 (s, 9H, p-tBu), 1.64 (s, 18H, p-tBu). Anal. Calcd for C77H62N8: C, 84.34; H, 6.29; N, 9.37; found: C, 84.31; H, 6.25; N, 9.42; MS (FAB, m/z): 897 (M+); UV-vis (CH2Cl2): λmax nm (log ε) 391 (sh), 417 (4.52), 442 (4.62), 571 (3.98), 669 (4.05).  
General procedure for the syntheses of β-fused 2,3,-[1’,2’-b] ]-17-NO2-18- NH2-
pyrazinocorrolato-Cu(II) 
 To a mixture of corrole 2 (45 mg, 0.051 mmol) and 10% Pd on activated carbon (45 mg) in dry THF (10 mL), an excess of hydrogen was added and allowed to stir at room temperature for 1 h 40 min. The reaction progress was followed using TLC by observing the appearance of a green streak at the baseline. Then, the hydrogen gas was removed and the mixture was degassed with nitrogen before the addition of the appropriate dione (2.568 mmol). The mixture was left stirring at room temperature overnight, monitoring the course via UV-vis spectrometry and TLC analysis. After completion of the reaction, the mixture was filtered through Celite. The filtrate was collected and evaporated under reduced pressure. The residue obtained was dissolved with CH2Cl2 
N HN
HNNH
N
N
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and passed through a silica gel column eluted with CH2Cl2/hexane (3:1). The characterization data of all the newly prepared compounds are given below. 
 
2,3-[1′-2′-cyclohexane(b)pyrazino]-17-NO2-18- NH2-5,10,15-tris(4-tert-
butylphenyl)corrolato-Cu (9) 
 
 
 The first brown fraction eluted by column chromatography was collected and crystallized from CH2Cl2/CH3OH to give the title corrole (13 mg, 27% yield) as a brown solid, mp >300 °C; 1H NMR (CD2Cl2, 300 MHz, δ ppm): 1.29 (s, 9H, p-tBu), 1.36 (s, 9H, p-
tBu), 1.41 (s, 9H, p-tBu), 1.79 (br m, 4H, cyclohexane H), 2.88 (br m, 4H, cyclohexane H), 6.23 (br s, 1H, NH2), 6.56 (br d, 1H, β-pyrr), 6.63 (br d, 1H, β-pyrr), 6.72 (br s 1H, NH2), 6.94 (d, 4H, J = 7.74 Hz, meso-Ar), 7.08 (br s, 2H, β-pyrr), 7.17 (d, 2H, J = 7.80 Hz, meso-Ar), 7.27 (d, 2H, J = 7.88 Hz, meso-Ar), 7.36 (d, 4H, J = 7.48 Hz, meso-Ar); Anal. Calcd for C55H53CuN8O2: C, 71.68; H, 5.80; N, 12.16; O, 3.47; found: C, 71.62; H, 5.73; N, 12.22; MS (FAB, m/z): 921 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 370 (4.40), 456 (4.66), 543 (4.00).  
2,3-[1′-2′- bis(bromomethyl)(b)pyrazino]-17-NO2-18- NH2-5,10,15-tris(4-tert-
butylphenyl)corrolato-Cu (10)  
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Yield: 32%, brown solid, mp >300 °C; 1H NMR (CDCl3, 300 MHz, δ ppm): 1.35 (s, 9H, p-
tBu), 1.37 (s, 9H, p-tBu), 1.43 (s, 9H, p-tBu), 4.53 (s, 2H, CH2), 4.75 (s, 2H, CH2), 6.55 (d, 1H, J=3 Hz, β-pyrr), 6.62 (d, 1H, J=3 Hz, β-pyrr), 6.81 (br s 1H, NH2), 6.86 (br d, 2H, meso-Ar), 7.09 (br d, 1H, β-pyrr), 7.13 (d, 2H, J=6 Hz, meso-Ar), 7.25 (br d, 1H, β-pyrr), δ 7.28-7.36 (m, 6H, meso-Ar), 7.42 (d, 2H, J= 6 Hz, meso-Ar); Anal. Calcd for C53H49Br2CuN8O2: C, 60.43; H, 4.69; N, 10.64; found: C, 60.29; H, 4.76; N, 10.60; MS (FAB, m/z): 1055 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 447 (4.62), 762 (3.01).  
2-(pyrrol-1-yl)-3-nitro-3-5,10,15-tris(4-tert-butyl-phenyl)corrolato-Cu (11) 
 
 
 Corrole 1 (30 mg, 0.037 mmol) was dissolved in a mixture of acetic acid (7 mL) and toluene (1 mL). 2,5-Dimethoxytetrahydrofuran (9.5 μL, 0.074 mmol) was added; the mixture was refluxed under nitrogen and the course of the reaction was monitored by 
TLC and UV−vis measurements. After 45 min TLC monitoring showed almost quantitative formation of a brown band with higher Rf and a total consumption of the starting complex. The reaction mixture was cooled, and the solvent removed under reduced pressure. The residue was dissolved in CHCl3 and washed twice with water. The organic phase was collected, dried over anhydrous Na2SO4 and evaporated under reduced pressure to dryness. Chromatographic purification of the reaction crude was performed on a silica gel column, eluting with CH2Cl2. Yield: 90%, 27 mg, brown solid, mp >300 °C. 1H NMR (300 MHz, CDCl3, δ ppm): 1.41 (s, 9H, p-tBu), 1.45 (s, 18H, p-tBu), 6.40 (t, 2H, J = 3 Hz, pyrr),7.16 (t, 2H, J = 3 Hz, pyrr), 7.25 (d, 1H, J = 6 Hz, meso-Ar), δ 7.34-7-38 (br m, 2H, β-pyrr), δ 7.42-7.45 (br m, 3H, meso-Ar + β-pyrr), δ 7.60-7.69 (br m, 7H, meso-Ar + β- pyrr ). 13C NMR (300 MHz, CDCl3, δ ppm): 31.27, 35.14, 109.96, 122.68, 123.01, 125.39, 125.60, 128.02, 129.62, 130.12, 132.03, 134.59, 135.65, 136.87, 138.15, 139.58, 144.97, 147.45, 151.03, 152.33, 152.70. Anal. Calcd for C53H49CuN6O2: C, 73.55; H, 5.71; N, 9.71; found: C, 73.83; H, 5.59; N, 9.85; MS (FAB, m/z): 867 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 378 (sh), 433 (4.64), 567 (4.20), 656 (3.96). 
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2-(pyrrol-1-yl)-3-amino-3-5,10,15-tris(4-tert-butyl-phenyl)corrolato-Cu (12)  
 
  Corrole 11 (30 mg, 0.035 mmol) was dissolved in a mixture of CH2Cl2 (12 mL) and CH3OH (3 mL) and allowed to stir under nitrogen at room temperature for 10 min. 10% Pd on activated carbon (30 mg, 0.282 mmol) and NaBH4 (65 mg, 1.731 mmol) were added and the mixture was stirred under nitrogen for 15 min. The solution immediately turned bright green and TLC monitoring showed almost quantitative consumption of the substrate. The reduction was considered complete when a Soret band at 421 nm was evident and the shoulder at 378 nm had disappeared. Once the reaction was complete, the mixture was filtered through Celite; the filtrate was collected and evaporated under reduced pressure. The crude product was taken up in CHCl3; the solution was washed 3 times with water, dried over anhydrous Na2SO4 and evaporated to dryness. The residue obtained was dissolved in CH2Cl2 and applied to a silica gel column for chromatographic purification using CH2Cl2 as eluent. Yield: 83%, 24 mg, brown solid, mp >300 °C. 1H NMR (300 MHz, CDCl3, δ ppm): 1.39 (s, 9H, p-tBu), 1.41 (s, 9H, p-tBu), 1.41 (s, 9H, p-tBu), 2.96, (s, 2H, NH2), 6.22 (br d, 1H, β-pyrr), 6.33 (br m, 2H, pyrr), 6.95 (br m, 2H, pyrr), δ 7.16-7.18 (br m, 4H, meso-Ar), 7.38 (d, 2H, J = 6 Hz, meso-Ar), 7.60 (d, 2H, J = 9 Hz, meso-Ar), δ 7.67-7.76 (br m, 6H, meso-Ar + β-pyrr), 7.91 (br d, 1H, β-pyrr), 8.10 (br d, 1H, β-pyrr), 8.27 (br d, 1H,β-pyrr). 13C NMR (300 MHz, CDCl3, δ ppm): 31.45, 31.75, 31.98, 34.27, 34.48, 34.82, 109.38, 120.30,122.15, 124.51, 125.00, 126.15, 133.45, 152.61, 152.90, 154.14.Anal. Calcd for C53H51CuN6: C, 76.18; H,6.15; N, 10.06; found: C, 76.30; H, 5.96; N, 10.01; MS (FAB, m/z): 836 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 421 (5.01), 635 (3.90).  
General procedure for the synthesis of β,β′-fused pyrrolo[1,2-a]pyrazinocorrolato-
Cu   To a mixture of corrole 12 (35 mg, 0.042 mmol) and aldehyde (0.50 mmol) in 1,4-dioxane (5 mL), DBSA (1.32 μL, 0.004 mmol) was added. The reaction mixture was stirred at room temperature and the course of the reaction was monitored by TLC and UV-vis measurements. After 120 min the mixture was treated with 10% aqueous 
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NaHCO3 and the organic phase was extracted with CHCl3 and washed with water (3 times). The crude product was dried over anhydrous NaSO4 and then the solvent was removed under reduced pressure. The mixture was purified by column chromatography over silica gel using CH2Cl2/hexane (3:1) as eluent. The characterization data of all the newly prepared compounds are given below.   
β,β′-fused pyrrolo[1,2-a]pyrazinocorrolato-Cu (13) 
 
   Yield: 32%, 12 mg, brown solid, mp >300 °C. 1H NMR (300 MHz, CDCl3, δ ppm): 1.42 (s, 9H, p-tBu), 1.45 (s, 9H, p-tBu), 1.49 (s, 9H, p-tBu), 2.43 (s, 3H, CH3), 6.99 (br m, 2H, pyrr), 7.10 (d, 1H, J = 3 Hz, pyrr), δ 7.17-7.20 (br m, 5H, meso-Ar + pyrr), 7.28 (br d, 1H, pyrr), δ 7.42-7.53 (br m, 8H, meso-Ar), δ 7.62-7.66 (br m, 4H, tolyl), 7.71 (br m, 2H, pyrr), 7.74 (br d, 1H, pyrr), 8.12 (br d, 1H, pyrr), 8.15 (br d, 1H, pyrr) Anal. Calcd for C61H55CuN6: C, 78.30; H, 5.92; N, 8.98; found: C, 78.12; H, 5.87; N, 9.04; MS (FAB, m/z): 934 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 433 (5.07), 644 (4.15).  
 
β,β′-fused pyrrolo[1,2-a]pyrazinocorrolato-Cu (14) 
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Yield: 21%, 9 mg, brown solid, mp >300 °C. 1H NMR (300 MHz, CDCl3, δ ppm): 1.40 (s, 9H, p-tBu), 1.43 (s, 9H, p-tBu), 1.47 (s, 9H, p-tBu), 6.99 (br d, 1H, pyrr), 7.10 (br d, 1H, pyrr), 7.20 (d, 2H, J = 3 Hz, pyrr), δ 7.42-7.49 (br m, 11H, meso-Ar + pyrr), δ 7.62-7.71 (br m, 8H, meso-Ar + Ar), 8.81 (br d, 1H, pyrr), 8.16 (br d, 1H, pyrr). 13C NMR (300 MHz, CDCl3, δ ppm): 29.71, 31.30, 31.54, 125.08, 125.30, 130.02, 130.58, 131.16, 131.56. Anal. Calcd for C60H52BrCuN6: C, 72.02; H, 5.24; N, 8.40; found: C, 71.93; H, 5.11; N, 8.58; MS (FAB, m/z): 1000 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 433 (4.90), 553 (4.04), 647 (3.92).   
β,β′-fused pyrrolo[1,2-a]pyrazinocorrolato-Cu (15) 
 
 
 Yield: 29%, 12 mg, brown solid, mp >300 °C. 1H NMR (300 MHz, CDCl3, δ ppm): 1.39 (s, 9H, p-tBu), 1.42 (s, 9H, p-tBu), 1.45 (s, 9H, p-tBu), 6.87 (br d, 1H, pyrr), 6.97 (br d, 1H, pyrr), 7.07 (br d, 1H, pyrr), 7.10 (brd, 1H, pyrr), 7.14 (br d, 1H, pyrr), 7.20 (br d, 1H, pyrr), δ 7.40-7.45 (br m, 8H, meso-Ar), δ 7.49-7.52 (br m, 5H, meso-Ar + pyrr), 7.84 (d, 2H, J = 6 Hz, Ar), 7.92 (br d, 1H, pyrr), 8.03 (br d, 1H, pyrr), 8.10 (d, 2H, J = 9 Hz, Ar). 13C NMR (300 MHz, CDCl3, δ ppm): 29.72, 31.29, 31.55, 34.95, 106.27, 123.07, 124.24, 125.00, 125.19, 129.63. Anal. Calcd for C60H52CuN7O2: C, 74.55; H, 5.42; N, 10.14; found: C, 74.38; H, 5.14; N, 10.23; MS (FAB, m/z): 969 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 425 (4.81), 655 (4.02).           
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β,β′-fused pyrrolo[1,2-a]pyrazinocorrolato-Cu (16)   
  Yield: 19%, 7 mg, brown solid, mp >300 °C. 1H NMR (300 MHz, CDCl3, δ ppm): 1.41 (s, 9H, p-tBu), 1.43 (s, 9H, p-tBu), 1.45 (s, 9H, p-tBu), 6.94 (d, 1H, J = 3 Hz, pyrr), 7.00 (br d, 1H, pyrr), δ 7.43-7.50 (br m, 7H, meso-Ar), 7.56 (br d, 1H, pyrr), 7.59 (br d, 1H, pyrr), δ 7.64-7.71 (br m, 5H, meso-Ar), 7.76 (d, 1H, J = 3 Hz, pyrr) 8.15 (br m, 2H, pyrr), 8.58 (s, 1H, pyrazino). 13C NMR (300 MHz, CDCl3, δ ppm): 29.72, 31.28, 124.66, 125.09, 125.38. Anal. Calcd for C54H49CuN6: C, 76.70; H, 5.84; N, 9.94; found: C, 76.89; H, 5.96; N, 9.86; MS (FAB, m/z): 849 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 430 (4.93), 633 (3.85).   
Formylation of 2-(pyrrol-1-yl)-3-nitro-3-5,10,15-tris(4-tert-butyl-phenyl)corrolato-
Cu (17) 
 
 
 
 
The Vilsmeier reagent was prepared by cooling DMF (0.6 mL, 7.8 mmol) to 0 °C and adding POCl3 (0.6 mL, 6.4 mmol) under nitrogen; the reagent was then added dropwise to a solution of 11 (20 mg, 0.023 mmol) in CH2Cl2 (7 mL). The resulting mixture was allowed to reach room temperature and stirred under nitrogen. The progress of the reaction was monitored by UV/Vis spectroscopy; after three hours there was no 
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evidence of the absorptions of the starting material. A saturated solution of NaHCO3 (15 mL) was then added and the mixture stirred overnight. The organic phase was then separated, washed with water, dried on Na2SO4, and the solvent evaporated. The crude mixture was dissolved in CH2Cl2, and column chromatography (silica gel, CH2Cl2 eluent) afforded 17 as a brown solid. Yield: 48%, mp >300 °C. 1H NMR (300 MHz, CDCl3, δ ppm): 1.41 (s, 9H, p-tBu), 1.45 (s, 18H, p-tBu), 6.56 (t, 1H, J = 3 Hz, pyrr),7.25 (br t, 2H, pyrr), 7.36 (d, 1H, J = 3 Hz, β-pyrr), δ 7.47 (br m, 4H, pyrr), δ 7.53-7.55 (br m, 6H, meso-Ar), 7.62 (d, 1H, J = 3 Hz, pyrr), δ 7.66-7.68 (br m, 6H, meso-Ar);Anal. Calcd for C54H49CuN6O3: C, 72.58; H, 5.53; N, 9.41; found: C, 72.61; H, 5.50; N, 9.48; MS (ESI, m/z): 892 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 376 (4.58), 435 (4.86), 574 (4.18), 673 (3.89).  
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The Energy Issue 
 Human activity is continuing to affect the Earth’s energy budget by changing the emissions and resulting atmospheric concentrations of greenhouse gases and aerosols and by modifying land surface properties. Previous assessments have already shown through multiple lines of evidence that the climate is changing across our planet, largely as a result of human activity. The most compelling evidence of climate change comes from observations of the atmosphere, land, oceans and cryosphere. Unequivocal evidence from in situ observations and ice core records show that the atmospheric concentrations of important greenhouse gases such as CO2, CH4 and N2O have increased over the last few centuries.1 It is certain that global mean surface temperature has increased since the late 19th century. The temperature of the Earth surface has been successively warmer in each of the past three decades than all the previous decades in the instrumental record, and the first decade of the 21st century has been the warmest. Overall, the global annual temperature has increased at an average rate of 0.17°C per decade since 1970.2 Fossil fuels, including coal, oil and natural gas, are currently the world's primary energy sources and the principal cause of global warming. Moreover, it is estimated that in the next two decades energy consumption will increases by 5.0 per cent, with the bulk of the demand coming from developing countries. Oil, coal and gas together account for the majority of global primary energy consumption. Fossil fuels are non-renewable sources; they draw on finite resources that will eventually dwindle, becoming too expensive and too environmentally damaging to retrieve. On the contrary, many types of renewable energy resources are naturally replenished on a human timescale, existing over wide geographical areas. Among them, solar energy is one of the most promising in the long term. Every hour, the Earth receives enough solar power to supply humans’ energy consumption for one year.3,4 In answer to this need, organic photovoltaics has emerged as a major topic in contemporary research,5 using photosynthetic systems found in nature as a major source of inspiration. During photosynthesis, energy from sunlight is first captured by photosynthetic π-pigments such as chlorophylls and carotenoids, which cover a wide spectral range of solar irradiation. (Figure 2.1).6–8 
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 The captured light energy is transferred to chlorophylls that are in a special protein environment where the actual energy conversion event starts via electron transfer processes.8Pigments and proteins involved in this actual primary electron transfer event together are called the reaction centre.  A large number of π-pigments molecules (100-5000), collectively referred to as antennas, harvest light and transfer the light energy to the same reaction centre. The purpose of such antenna molecules is to maintain a high rate of electron transfer in the reaction centre, even at lower light intensities. The success of this process relies on the effectiveness of these electron transfers and the lack of recombination reactions that would interrupt the process and cause a waste of the absorbed energy. The importance and the complexity of energy transfer and electron transfer processes in the photosynthetic reaction centre, have prompted the design and the preparation of  a variety of donor-acceptor (D-A) covalently and non-covalently linked ensembles, including dyads, triads, tetrads and pentads, which are able to mimic the energy transfer and electron transfer processes in the photosynthetic reaction centre.9–11  
Basic theory of photoinduced Electron Transfer (PET) and Excited 
Energy Transfer(EET) 
 A molecule in the excited state can relax to the ground state either by fluorescence, internal conversion, intersystem crossing, non-radiative decay or by two main physical mechanisms, electron transfer (PET) or energy transfer (EET) to another molecule.  PET 
Figure 2.1. UV-vis absorption spectra of chlorophylls (green and red lines) and carotenoids (yellow line). 
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 and EET constitute the base of artificial photosystems, that are constituted by an electron donor unit (D) connected to an electron acceptor moiety (A) through a linker (L). This linker can connect both units either by covalent or supramolecular interactions. Both processes are depicted in Figure 2.2.  
 
Figure 2.2. Schematic representation of  photoinduced electron transfer (4) and energy transfer (3)  between a donor and an acceptor connected through a linker.12 
  In the case of energy transfer reaction, upon photoexcitation, the energy of the excited state is transferred to the acceptor, leaving the donor molecule in the ground state and the acceptor molecule in the excited state. This type of reaction is likely to occur if the acceptor moiety has a low-energy excited state available and is not amenable to oxidation or reduction. In the electron transfer process, an excited electron is transferred from a donor to an acceptor, and in can take place in two different ways, leading to photoinduced electron transfer or photoinduced hole transfer (PHT).13,14 In PET mechanism, the electron donor is photoexcited, and  an electron is promoted from its highest occupied molecular orbital (HOMO) to its lowest unoccupied molecular orbital (LUMO); it is subsequently transferred to the energetically lower-lying LUMO of the electron acceptor.  In the case of PHT, the electron acceptor is the part of the molecule being photoexcited, thus a hole appears in its HOMO, which is filled with an electron originating from the higher-lying HOMO of the electron donor. 
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 In both cases, a charge separate donor-acceptor pair or charge separated state (CSS) is formed, involving a radical cation (D•+) and a radical anion (A•-), which will subsequently recombine to the electronic ground state (Figure 2.3).  
 
Figure 2.3. Schematic representation of the PHT (a) and PET (b) mechanisms. 
 This absorbed energy will be efficiently converted into electrical or chemical energy if these charged species are utilized as electrons and holes to drive electrical current or promote chemical reactions before back electron transfer leads to the initial ground states of the donor-acceptor species.  Specifically, an ideal (supra)molecular efficient artificial solar energy conversion system should be endowed with the following features: 
− antenna molecules that capture light, absorbing in the visible range of the spectrum with high extinction coefficients, and form an “excited state species”; 
− the excited state species must transfer electron(s)/energy to acceptor entities;  
− the energetic level of the CSS must be high and close to the energy level of the initial excited state, to minimize de energy loss; 
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− the electron transfer must be directional; 
− the rates of the energy/electron transfer should be faster than those of the deactivation processes in order to achieve efficient energy or electron transfer.  
Marcus theory of electron transfer  Marcus theory is the most successful description of electron transfer both for explaining and predicting electron transfer rates.15,16  According to the theory, the rate constant of non adiabatic intramolecular electron transfer (kET) in an electron donor-acceptor-linked molecule at a fixed distance is given by the following equation:  
𝒌𝐄𝐓 = � 𝟒𝝅𝟑𝒉𝟐𝝀𝒌𝑩𝐓�𝟏/𝟐 𝐕𝟐 𝒆𝒙𝒑 �(∆𝐆𝐄𝐓+𝝀)𝟐𝟒𝝀𝒌𝑩𝐓 �                                               (Eq. 1) 
                                     Here, h is Planck’s constant, λis the reorganization energy (i.e. the required energy to structurally reorganize the electron donor and acceptor and their solvation spheres upon electron transfer), kB is the Boltzmann constant, T is the absolute temperature, V is the electronic coupling constant and ∆GET is the free energy change of electron transfer.   
 
 
Figure 2.4. Schematic representation of Marcus curve.17 This parabolic dependence of log kET on −∆GET is the result of two main factors: the electronic coupling element V, which determines the maximum kET value, and the reorganization energy (λ).In the ‘normal region’ of the Marcus curve (-ΔG° <λ), the rate 
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 constant of an electron transfer reaction increases with increasing thermodynamic driving force. This relationship is maintained until the driving force equals the reorganization energy (-ΔG° ~ λ).In this case, the kET value reaches a maximum, and the reaction rate is mainly governed by the magnitude of the electronic coupling (V) between the donor and the acceptor subunits (Figure 2.4).  Beyond this thermodynamic maximum, in the highly exothermic region of the parabola (-ΔG° >λ),the rates of electron transfer decrease with increase in the free energy changes. This latter range is generally referred to as the Marcus “inverted region”.18,19 The smaller the reorganization energy, the faster the forward photoinduced charge separation (CS) process of an electron donor–acceptor dyad (D–A), but the charge recombination (CR) process becomes slower when the CR driving force (−∆GCR) is larger than the reorganization energy (λ) of the electron transfer event. 
 Due to their structural similarity with naturally occurring chlorophylls, porphyrinoids have been the preferred chromophores for biomimetic photosynthesis.11,20 Within the family of porphyrinoids, phthalocyanines enjoy a privileged position, possessing unique physico-chemical properties, which render these macrocycles valuable building blocks in materials science.21–24 A brief introduction to the synthesis and the main properties of these compounds will be discussed in the following section.   
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Phthalocyanines 
 Among the huge variety of organic compounds that can be used as molecular components in artificial photosynthetic systems, tetrapyrrolicmacrocycles enjoy a privileged position. Out of all proportion, Phthalocyanines (Pcs), together with Porphyrins (Pors), are among the most studied chromophores.   
 Phthalocyanines25,26 (Figure 2.5) are planar aromatic macrocycles consisting of four isoindole units presenting an 18 π –electron aromatic cloud delocalized over an arrangement of alternated carbon and nitrogen atoms. Therefore, Pcs can be referred to as tetrabenzotetraazaporphyrins.  For many years, Pcs have been an important article of trade, i.e., dyestuffs for textiles and inks, as a consequence of their dark green-blue colour: their absorption spectra show, in fact, an intense Q-band in the visible region, usually centred at 620–700 nm (Figure 2.6).23 This single main band is associated to π − π* HOMO-LUMO transitions from doubly degenerated orbitals. In the case of metallophthalocyanines, having lower symmetry (D4h), the LUMO is degenerated and only one band is observed. Parallel to that observed for porphyrins, the electronic spectrum of free-base phthalocyanines is characterized by a split Q-band, which occurs as a result of the reduction of symmetry from D4h to D2h on going from the metal complexes to the free base macrocycles. The Soret band is situated at higher energies in the spectrum and is related to π − π* transitions from lower-energy molecular orbitals.23 
Figure 2.5. Electronic delocalization (a), free-base (b), and metallophthalocyanine(c). 
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 The chemical versatility of Pcs is associated to the versatility of their electronic and optical properties. Peripheral substituents play an important role in the tuning of the absorption bands of both phthalocyanine free base and the metal complexes. The Q-band can be shifted with the same additivity when the same kind of substituents are introduced at the same position of each benzene ring in a Pc macrocycle. Moreover, the Q-band of unsymmetrical metallated Pcs, generally leads to a splitting of the band due to a reduction of the symmetry.27 Metallophthalocyanines exhibit a fluorescence emission, which is characterized by a narrow band at long wavelengths (between 670 and 710 nm).  This emission originates from an excited state which is localized on the tetrapyrrolic ring.  Its maximum is red-shifted by only 8-20 nm from the absorption band, due to the high rigidity of the tetrapyrrolic ligand (Figure 2.7).28  
                            
 
  
 The above mentioned systems can host more than 70 metals in their inner cavity and support different types, either donor or acceptor, of peripheral and axial substituents. However, as the coordination number of the macrocycle is four, according to the size and oxidation state of the metal, one or two ions (in the case of alkaline ions) can be inserted into the Pc core. When the metal demands a higher coordination number, one or two axial ligands are needed, resulting in pyramidal or octahedral structures  Unsubstituted phthalocyanines are highly insoluble in most of organic solvents. In order to increase their solubility, a wide variety of substituents can be attached at the axial positions and/or at the periphery of the macrocycle itself.29 All these changes allow the 
Figure 2.7.UV-vis spectra of free-base PcH2  (blue solid line), and metallatedMPc (purple dashed line). Figure 2.6. Emissionspectrumof MPc 
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 tailoring of the electrophysical parameters over a broad range, thus modulating their electronic properties and optical features.  
Synthesis of phthalocyanines 
 
Synthesis of symmetrically substituted phthalocyanines 
 The synthesis of Pcs usually involves the reaction of either phthalonitrile or 1,3-diiminoisoindoline precursors that assemble to form the macrocyclic structure (Scheme 
2.1).29,30  
  MPcs can be synthesized by means of a metal template reaction in which the appropriate precursor and the metal salt are heated to reflux in a high boiling solvent (DMF, o-DCB, DMAE etc). For the latter, they can be synthesized starting from 1,3-diiminoisoindolines using the above mentioned reaction conditions, or by using a phthalonitrile and a basic catalyst (as DBU or hydroquinone) in the presence of alcohols, such as DMAE or 1-penthanol.31 Another synthetic approach involves the use of lithium or magnesium alkoxides as metal templates, giving rise to the corresponding MPcs, that can be easily demetallated by treatment with a mineral or organic acid (namely AcOH, TFA) thus affording the corresponding free base derivative.32 
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 More recently, alternative procedures to prepare Pcs have been described, such as the treatment of phthalonitriles with metal salts and hexamethyldisilazane in DMF,33 the double-addition of oximes to phthalonitriles34 and microwave-assisted synthesis.35,36 When non symmetric phthalonitriles are used as starting materials, the resulting Pcs are obtained as mixtures of four structural isomers with C4h, D2h, C2vand C2ssymmetries (Figure 2.8).37  These regioisomers have been separated in a few cases by chromatographic techniques38,39or obtained separately employing a regioselective synthesis of Pcs.40–42   
 
 
Synthesis of asymmetrically substituted phthalocyanines 
 Among the various strategies for the synthesis of monofunctionalized A3B-type Pcs, the approach relying on the statistical reaction of two different phthalonitrile or diiminoisoindoline precursors A and B in ratios of 3:1 equivalents (or a slight excess of A), appears to be the most commonly applied.30,43 However, the concomitant presence of different substituted Pcs, obtained in a statistical manner, represents the nuisance in this procedure (Figure 2.9).  
Figure 2.8.Structures of the constitutional isomers of 2(3)-tetrasubstitutedMPcs. 
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  In order to maximize the yield of the unsymmetrically substituted derivative, different approaches have been reported;44–46 however they will not be detailed here as this lies outside the scope of the present thesis. 
Phthalocyanines as organic synthetic artificial photosystems 
 As previously discussed, a wide variety of donor-acceptor systems have been designed and employed to study and understand photo-induced electron and energy transfer reactions. Among these different systems, those involving phthalocyanines have been widely used in recent years.  The extensively π-conjugated systems of Pcs increase their electron donating ability and make them suitable candidates as light harvesting building blocks in the construction of artificial photosynthetic systems.  The great interest in Pcs as active material in biomimetic systems has led to the synthesis and the study of a wide range of covalent and non-covalent Pc-based D-A systems incorporating electroactive acceptor units of diverse nature and redox character such as fullerene, carbon nanotubes, graphene, perylenediimide, anthraquinone, ferrocene, ruthenium bypyridine complexes, flavin, porphyrin and others. 
Figure 2.9. Representation of the set of Pc compounds obtained via statistical cyclotetramerization of two differently functionalized phthalonitriles, or diiminoisoindolines, A and B in a 1:1 ratio. 
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 In recent years, several hetero-oligomeric Pc-Porf systems have been synthesized, thanks to the possibility to tune their redox properties. This allowed to employ them as donor or acceptor in multicomponent arrays. Their photophysical properties have been studied in solution and/or in solid state, revealing the occurrence, in the majority of the cases, of PET events. In such systems, the nature of the bridging spacer has been varied both from the electronic (i.e., conjugated/non-conjugated) and/or structural (i.e., rigid/flexible) point of view, with the aim of identifying to which extent these changes could influence the PET dynamics.47 To the best of our knowledge, no multicomponent systems based on corrole-phthalocyanine (Corr-Pc) conjugates have been described. Indeed, since Corr and Pc display complementary absorption with high absorption coefficients, they appear ideal light-harvesting partners as they can cover together a large range of the solar spectrum (UV, visible and near IR). Herein, the different synthetic strategies that have been pursued so far for the preparation of D-A Corr-Pc nanostructure systems, have been resumed.  This Chapter is aimed to describe the synthesis of unreported electron-donor photosensitizers based on Corr-Pc framework and their study as photoactive systems. In these new conjugates, the donor and the acceptor units are connected either covalently (Figure 2.10,a) or by using supramolecular interactions (Figure 2.10,b).   
 
 
 
 
 
 
a         b    
  
Figure 2.10. Schematic representation covalently (a)and supramolecular (b) conjugated Corr-Pc dyads.  
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Results and discussion 
 
Pthalocyanine-Corrole covalent systems  During the last years several studies have been focused on the synthesis  of metalloPor-Pc heteroarrays, in which the two chromophores are linked through the meso or β-position of the porphyrin (Figure 2.11).48,49 Given the lower symmetry of corrole, all the functionalizations on its β-positions lead to the potential formation of a huge number of different regioisomers.    
  We decided to connect the two units through the corrole meso position. The choice to use a meso-linkage was twinfold: first, we wanted to exploit simple synthetic procedures avoiding low yielding steps and tricky purifications. Moreover, several works on porphyrins described in the literature bring clear evidence that meso carbons exhibit a larger electronic density than the beta-ones, thus enhancing faster rates of energy transfer.  Moreover it was shown that in meso-substituted porphyrins the energy transfer proceeds via a through-bond mechanism, and in many cases an improvement of the efficiency was achieved by increasing the distance from the donor to the acceptor units. 50 For this reason, we decided to prepare different (meso)Corr-ZnPc arrays, in which the Pc is linked to the 10-meso position of the corrole, using an ethynylphenyl spacer in between (Figure 2.12). This further spatial separation between the electron and the hole is expected to decreases the coupling between opposite charges and increases the 
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Figure 2.11. Molecular structure of (a): a β-linked ZnPor-ZnPc dyad, (b): meso-linked ZnPor-ZnPc dyad 
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 CS lifetime. To achieve this goal, we decided to prepare trans-A2B corroles bearing an ethynylphenyl group in their position 10, and different A3B phthalocyanine derivatives with a iodo functionality in one annulated benzene ring. This synthetic design allows the preparation of new dyads through a cross-coupling reaction.  As already mentioned before, low oxidation potentials of corroles make them particularly suitable species in energy/electron transfer. Thus, at first, we prepared two different corroles with electron donor character covalently linked to a phthalocyanine with a strong electron-acceptor ability.  
  
Synthesis of ethynylphenyl-substituted corroles 
 As already described in the introduction of the present thesis, a widely extended method to obtain trans-A2B corroles relies on the synthesis starting from aldehydes and dipyrromethanes. We tackled the synthesis of DPM following a widely used procedure reported by Lindsey in 2003.51 The procedure entails reaction of an aldehyde in a 100 molar excess of pyrrole as the solvent containing InCl3as a mild Lewis acid at room temperature. We prepared two different types of DPMs, bearing a different numbers of methoxy moieties at the phenyl group, namely p-anisaldehyde and 3,4,5-trimethoxybenzaldehyde.  All the desired dipyrromethanes were obtained with high yields (Scheme 2.2). 
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Figure 2.12. Schematic representation of a covalently conjugated Corr-Pc system, 
bearing an ethynylphenyl spacer in between 
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Scheme 2.2. Synthesis of dipyrromethanes 18a-b 
 Subsequently, DPMs were reacted with trimethylsilylacetylene to achieve the desired 
trans-A2B corroles.  A specific approach reported in the literature, particularly efficient for aldehydes bearing electron-donating groups, was used.  It involves the reaction of 
aldehydes with DPM in a water−methanol mixture in the presence of HCl, using chloranil as the oxidizing agent.52  Further treatment with TBAF in dry CH2Cl2 removed the trimethylsilyl group affording corroles 20a-b in high yields (Scheme 2.3).  
 
Scheme 2.3. Synthesis of corroles 20a-b  The structure of 20a,b was established on the basis of its spectroscopic features, namely, UV-Vis , 1H-NMR and mass analyses.  UV-vis comparison of 20a,b is shown in Figure 2.13. Both compounds showed a pattern comparable, with the typical trend of free base aryl corroles.53 
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   Comparing the 1H-NMR spectra of the corroles (Figure 2.14), the main differences between the different substitution pattern can be easily spotted.  In all cases the peak at 
δ 3.32-3.35 revealed the presence of an acetylene proton. A different set of doublets between 7.4 and 8.4 ppm indicate the presence of a different number of protons in meso-phenyl positions.  Moreover, in the case of 20a, it has been possible to observe a 6H integration signal in the aliphatic zone, which underscores the presence of a methoxy moiety in para-position of phenyl groups. Corrole 20b shows two signals with different integration values in the same zone, which is consistent with the presence of a trimethoxy functionality. 
 
Figure 2.14. 1H NMR spectra of 20a and 20b 
 
 
Figure 2.13. UV-vis spectra of 20a (black solid line) and  
20b (red dashed line) 
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Synthesis of monoiodo-phthalocyanine derivative 
 A widely extended method to obtain new phthalocyanine derivatives relies on the employment of palladium catalysed cross-coupling reactions (such as Suzuki, Heck, Stille, Sonogashira, etc.).54 On this regard, an A3B phthalocyanine, bearing electron withdrawing peripheral substituents (i.e. alkylsulfonyl groups) was prepared.  Also, the incorporation of a reactive functional group (i.e. a iodo moiety) is necessary to perform the cross-coupling reaction with corrole terminal alkynyl group. The selection of an alkylsulfonyl functionality as the electron withdrawing group has been twinfold: several Pc derivatives with strong electron withdrawing substituents such as, F, Cl, CN, CO2R, NO2and SO2R groups, have been reported in the literature.55 Among them, the alkylsulfonyl group plays an important role, not only promoting a considerable stabilization of the HOMO and the LUMO level of Pc, but also increasing the solubility due to the flexible alkyl chains. Therefore, the strong electron accepting 2-ethylhexylsulfonyl group was chosen in our research project to increase the solubility in the final material.  The preparation 4,5-bis(2-ethylhexylsulfonyl)phthalonitrile (26) represent a multistep synthesis. However, almost every step is high-yielding and in many cases it does not require chromatographic purification.  
 
 The first step involved the quantitative dehydration of 4,5-dichlorophthalic acid yielding the dichlorophthalyc anhydride 21,which was then reacted with formamide, affording 4,5-dichlorophthalimide (22) with 98% yield. Further treatment with ammonium hydroxide gave the analogous phthalamide (23). Its dehydratation with thionyl chloride led to 4,5-dichlorophthalonitrile (24).56 Reaction of 24 with 2-ethylhexane-1-thiol and 
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 the subsequent oxidation gave 4,5-bis(2-ethylhexylsulfonyl)phthalonitrile (26) in high 91 % yield (Scheme 2.4).57,58 Next, Zn-Phthalocyanine 27 was obtained by cyclotetramerization reaction of 4-iodophthalonitrile with the desired 1,2-dicyanobenzene derivative in a o-DCB/DMF refluxing mixture , in the presence of Zn(OAc)2 as a template (Scheme 2.5), following a procedure already reported in the literature.58 To maximize the yield of the A3B derivative, a 1.2:3 molar ratio (4-iodophthalonitrile/4,5-bis(2-ethylhexylsulfonyl)phthalonitrile) was employed, leading to a statistical mixture of Pcs that was then purified by column chromatography. The first fraction corresponded to traces of poli-halogenated species, followed by the desired compound mono-iodoPc 27a, as the major component. Lastly, a discrete amount of the symmetric Pc was obtained. This reaction allowed to isolate Pcs 27a in 23% yield. 
 
 
Scheme 2.5. Synthesis of Pcs 27a,b 
 
Assembly of Corr-ZnPc dyads 
 A Sonogashira cross-coupling reaction was identified as the means to form the link between Corr and ZnPc. We used the copper-free methodology to prevent metal insertion in the corrole ring during the reaction.  With a view to create different D-A arrays, and to investigate the generality of this reaction and the relative influence of the different number of methoxy moieties on the product pattern, two new covalent dyads were prepared, as depicted in Scheme 2.6. 
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Scheme 2.6. Synthesis of Dyads 28a and 28b  The reaction has been carried out in dry DMSO in presence of Cs2CO3, Pd(OAc)2 and triphenylphosphine, with a Corr/Pc 1:1.2 molar ratio. The reaction mixture was stirred in argon atmosphere at 80 °C for 20 hours. When no more corrole derivative was detected by TLC analysis, the reaction was stopped and purified on column chromatography. 1H NMR analysis of both dyads was not able to provide decisive information in structural identification, since all the signals in the aromatic range showed a strong line broadening. This can be explained by the high aggregation tendency of Pcs derivatives. Nonetheless, in both cases we were able to observe a peak in MALDI-TOF, which corresponds to the desired dyads. Mass spectra with isotopic distribution of dyads 28a and 28b can be found in the appendix section. 
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Electrochemical Studies 
 Electrochemical measurements were employed to determine the energies of their frontier orbitals – HOMO and LUMO – and the band gap between them corresponding to the energy of the first singlet excited state.  These are crucial parameters for the study of photoinduced transfer processes.59 The measurements were carried out using a three electrode cell in N2 saturated CH2Cl2 solution containing 0.1 M tetrabutylammonium perchlorate (TBAP) as supporting electrolyte. A standard calomel electrode was used (SCE) as the reference electrode, a platinum wire as the auxiliary electrode and a platinum disk (1 mm diameter) as working electrode. All data are represented vs SCE. The electrochemical properties of derivatives 28a,b were investigated by cyclic voltammetry (CV) and compared with the redox values of their references, that are, the monomeric Corr and Pc.  Due to the great tendency of terminal alkynes to polymerize, we decided to carry out CV analyses on corroles 19a,b. The presence of a trimethylsilyl group should protect the triple bond thus preventing side reactions during the measurement. Regarding the Pc, is well known that a halide functionality strongly influences redox properties of the macrocycle. In order to deepen electrochemical properties of the single Pc unit, we decided to use a phthalocyanine bearing a trimethylsilylacetylene group (27b), in lieu of the iodide moiety.  This could also provide to the Pc a chemical environment similar to that in dyads.  Their corresponding redox potentials are summarized in Table 2.1. 
Figure 2.15 shows CV of the building blocks. Cyclic voltammogram of corrole 19a presents a reversible first oxidation process and a successive redox event at more positive potentials, which is electrochemically quasi-reversible. Compound 19b shows an irreversible first oxidation potential, at more positive values if compared with 19a.   Two other oxidation peaks exhibit a reversible and quasi-reversible behaviour. As expected, either one of 19a,b display a reduction peak at low negative potentials. This represents an additional confirmation of the fact that corroles could represent a suitable donor system. In the case of Pc, the first oxidation wave is shifted towards higher potentials if compared with corrole counterparts. Moreover, two reversible reduction peaks were evident (Figure 2.15).  
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Figure 2.15. Cyclic voltammograms of 19a (a), 19b (b) and 27b (c) in CH2Cl2 (0.1M TBAP) at room temperature, using a Pt electrode and measuring at 100mV s-1. Potentials vs SCE 
 To inspect the nature of the interactions between phthalocyanine and corrole, CV measurements of dyads 28a,b were also, performed, as shown in Figure 2.16.  
 
 
Figure 2.16. Cyclic voltammograms of 28a (a) and 28b (b) in CH2Cl2 (0.1M TBAP) at room temperature, using a Pt electrode and measuring at 100mV s-1. Potentials vs SCE 
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 CVs of both dyads exhibit shifts of redox potential, if compared with the corresponding monomers. 28b shows more evident variation in the number of peaks and in their values. Indeed, only one oxidation peak, and a severe shift in all other peaks is observed. This could be ascribable to a ground state interaction between the two chromophores.  The corresponding data are summarized in Table 2.1. 
 
Table 2.1. Redox potentials of dyads 28a,b and their reference compounds, Ep vs SCE, V. Compound Ered2 Ered1 Eox1 Eox2 Eox3 
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Calculation of HOMO-LUMO levels 
 The energy of the LUMO can be approximated by the electron affinity, which is the energy change when an electron is accepted by an atom or molecule in the gaseous state to form an anion. In a similar way, the energy of the HOMO can be connected to the ionization potential, which is the minimum energy required to remove an electron from an isolated atom or molecule in the gas phase. Cyclic voltammetry (CV) constitutes a means of obtaining the HOMO and LUMO levels starting from oxidation and reduction potentials. While the HOMO/LUMO energies are scaled in vacuum, the reduction/oxidation potentials are measured in solution. This implies a series of unavoidable approximations that must be taken into account when comparing these different values. Cyclic voltammetry provided useful data to determine energy level values. In order to scale the obtained values in vacuum, we used the following approximation:60,61   
𝑬𝑯𝑶𝑴𝑶/𝑳𝑼𝑴𝑶 = −𝟒.𝟔𝟖 − 𝑬𝒐𝒙/𝒓𝒆𝒅𝟏  (𝒗𝒔 𝐒𝐂𝐄) (𝐞𝐕)                                       (Eq. 2)   Using equation 2, HOMO and LUMO energy values of both dyads 28a,b were determined. This conversion vs vacuum was mandatory in order to compare the values obtained by CV with the ones obtained by computational analysis in vacuum.  
Table 2.2. Experimental and theoretical HOMO-LUMO energy levels data (in eV) of dyads 28a and 28b. 
 Dyad Experimental data Computational data 
 ELUMO (eV) EHOMO (eV) Egap (eV) ELUMO (eV) EHOMO (eV) Egap (eV) 
28a -4.16 -5.36 1.2 -4.15 -4.97 0.82 
28b -4.68 -5.32 1.3 -4.16 -5.02 0.86 
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DFT B3LYP/3-21G(*) Calculations 
 To visualize the geometry and electronic structure of the phthalocyanine-corrole dyads, computational studies were performed using JAGUAR applying density functional theory (DFT) at the B3LYP level in conjunction with the 6-31G (d,p) basis set. Both geometry optimization and energy level calculations were performed in vacuum.  As expected, the corrole unit attained a twisted configuration in the optimized structures. The distances of “center to center”, calculated from the geometrical structure of 28a and 28b are, in both cases, 18.5 Å, with the linker having 8,4 Å length (Figure 2.17). 
 
Figure 2.17. Optimized geometry of 28b showing linker and “center to center” distances (alkyl chains omitted for clarity) 
 All the data obtained about the HOMO-LUMO energy levels are summarized in Table 2.2 and are shown schematically in Figure 2.18and Figure 2.19. For both dyads 28a and 
28b the HOMO (5.02 and 4.97 eV, respectively) and the HOMO -1 locate on the corrole moiety, while HOMO -2 resides almost entirely on the phthalocyanine framework and in the ethynylphenyl spacer, according to what observed in the cyclic voltammetry analysis. LUMO orbitals are totally located on the phthalocyanine p-system.  Moreover, the ethynylphenyl spacer does not contribute to the HOMO or LUMO energy levels, suggesting no considerable interaction between the donor and acceptor entities in the ground state. Thus, the calculated distribution of MO manifested the proposed intramolecular electron transfer from the excited corrole to the phthalocyanine in gaining of charge-separated state corrole•+ - phthalocyanine•-. 
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Figure 2.18. B3LYP/6-31G(*)-calculated frontier HOMO and LUMO of the corrole-phthalocyanine dyad 28a. The red and blue colours in indicate the negative and positive electrostatic potentials. 
 
 
Figure 2.19. B3LYP/6-31G(*)-calculated frontier HOMO and LUMO of the corrole-phthalocyanine dyad 28b. The red and blue colours in indicate the negative and positive electrostatic potentials. 
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Photophysical studies  The photophysical studies of this chapter were carried out during a predoctoral stay in the laboratory of Prof. Dirk Guldi at the Friederich-Alexander University in Erlangen, Germany. 
Steady State Absorption and Emission Spectroscopy 
 To elucidate the electronic interactions between the different photoactive components, the model compounds (meso-tetraphenylporphyrinato)zinc(II) (ZnTPP) and meso-tetraphenylporphyrin (H2TPP), were compared with those of compounds 19a,b, and 
27b.  
Figure 2.20 shows UV/vis spectra of dyads 28a,b in THF compared to the spectra of the monomeric Corr and Pc.  Both dyads 28a and 28b display similar absorption spectra, with characteristic absorptions of the individual macrocyclic components, namely strong absorptions assigned to the corrole and phthalocyanine Soret and Q bands.  The small red shift (ca. 3 nm) experienced by the phthalocyanine Q-band in dyad 28a suggests that the electronic interaction between the two chromophores in the ground state is weak or negligible. The same trend was observed in the UV/vis spectrum of 28b.   
 
Figure 2.20. UV/vis spectrum of dyad 28a (left) and 28b (right) in THF, compared to the ones of the Corr-Pc building blocks 
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 Insights into the excited-state interactions within the Corr-Zn(II)Pc ensembles were obtained from steady-state fluorescence measurements in chlorobenzene, THF and toluene.  Fluorescence of Zn(II)Pc derivative (27b), was monitored upon photoexcitation at 676 nm, that correspond to its Q band absorption maximum.   Corroles 19a and 19b, were studied using a 450 nm excitation wavelength. Dyads 28a,b were monitored upon photoexcitation at either 450 or 676 nm, in order to see if a communication between the excited states of Corr and Pc is present, thus confirming an energy transfer process.   Both corroles exhibited emission maxima at 676 nm, 38 nm blue shifted if compared with the emission spectrum of phthalocyanine 27b (Figure 2.21). Phthalocyanine derivative exhibited a higher fluorescence quantum yields than corroles in apolar or slightly polar solvents. The situation changes in polar solvents as THF, when the relative quantum yield of 27b decreases, while that of corroles rises.  Figure 2.21 shows a comparison of dyads emission spectra at 450 and 676 nm. In both dyads, upon excitation whether at 460 or 676 nm, only one peak, corresponding to phthalocyanine emission, is evident. On the basis of the fluorescence spectra, it can be deduced that an energy transfer from Corr to Pc occurred. In this process, upon photoexcitation at 450 nm, corrole subunit rises to the excited state, and its energy is transferred to the phthalocyanine counterpart.  As result, corrole is left in the ground state, as shown by the absence of any florescence signal, while excited phthalocyanine rises to the excited state, thus relaxing through radiative decay (i.e. fluorescence).  
 
 
Figure 2.21. Left: emission spectra of corroles 19a,b (excitation wavelength: 450 nm), of phthalocyanine 27b (excitation wavelength: 676 nm). Right: emission spectra of dyads 28a,b at two different excitation wavelength  (450, 676 nm) 
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Fluorescence quantum yields (ΦF) in different solvents are summarized in Table 2.3. 
 
Table 2.3. Fluorescence quantum yields (ΦF)  of dyads 28a,b and their reference  compounds in THF, PhCl and toulene 
Compound ΦF  (toluene) ΦF  (PhCl) ΦF  (THF) 
19a 13%[a] 18%[a] 17%[a] 
19b 11%[a] 21%[a] 20%[a] 
27b 19%[b] 29%[b] 16%[b] 
28a 0.3%[a] 0.8%[b] 2.8%[a] 8%[b] 2.7%[a] 7%[b] 
28b 1.9%[a] 6.9%[b] 0.6%[a] 1.5%[b] 0.6%[a] 2.6%[b] Excitation: [a] 450 nm [b] 676 nm 
 
Transient Absorption spectroscopy 
 At this stage, preliminary studies using transient absorption spectroscopy were performed. In transient absorption spectroscopy, a fraction of the molecules is promoted to an electronically excited state by means of an excitation (or pump) pulse.  Differential absorption spectra are then calculated, i.e., the absorption spectra of the excited sample minus the absorption spectrum of the sample in the ground state (∆Abs). 
∆Abs spectra contain contributions from various processes and allow investigating the generation of ultra-short-lived species.62  Once the sample is excited with a femtosecond pulse, differential vis-NIR spectra are recorded at different delay times, from 2 ps up to 7500 ps, in order to observe the temporal evolution of excited states. First, we performed transient absorption measurements of corrole and phthalocyanine, in order to see their behaviour toward photoexcitation and obtain information for the study of our dyads. All measurements were performed in THF with a concentration of dye of 5·10-6 M. Right after conclusion of the 150 fs laser pulse (λex = 676 nm), reference Pc 27b showed the typical transient absorption features of ZnPc,57 with transient maxima at 517, 592, 629 and 839 nm accompanied by ground state bleaching around 672 and 701 nm, which indicated formation of the ZnPc singlet excited state (1*Pc). This state deactivated via  
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Figure 2.22. Transient absorption spectra of ZnPc 27b upon 676 nm photoexcitation (a) and Corr 19b upon 450 nm photoexcitation (b) in THF . 
 intersystem crossing within ~2.5 ns to the lower lying triplet excited state 3*Pc, which exhibited a transient maximum at 767 nm (Figure 2.22,a). In order to analyse the excited states features of corroles toward photoexcitation, transient absorption measurement was conducted only on corrole 19b. Upon excitation of derivative 19b with a 450 nm laser pulse, differential absorption peaks arose, at 479, 607 and 812 nm, which are attributed to the population of the singlet excited state of corrole.63 Moreover, a bleaching at 433 nm was observed. The singlet excited state features underwent quantitative intersystem crossing with a lifetime of ~ 65 ps to afford the triplet manifold with a characteristic maximum at 645 nm (Figure 2.22,b). On this basis, dyads 28a and 28b were studied, using both 450 and 676 nm laser pulses, to selectively excite corrole (450 nm) or phthalocyanine (676 nm) macrocycles. When exciting 28a at 450 nm, new intense peaks appeared, namely at 501, 592 and 758 nm. The latter value is not clearly visible because of instrument limitations.  A bleach at 438 and 680 nm was also present (Figure 2.23,a). 
a)                                                                                          b)            
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Figure 2.23. Transient absorption spectra of Dyad 28a upon 450 nm photoexcitation (a) and upon 676 nm photoexcitation (b) in THF.  After a 676 nm photoexcitation, dyad 28a showed similar transient maxima, already observed in the previous case, exciting at 450 nm. Nevertheless, both peaks at 501 and 757 nm exhibited lower relative intensities if compared with the peak observed at 592 nm. Furthermore, the associated states have a shorter lifetime, as it can be seen in  
Figure 2.23,b. A ground state bleaching minimizing at 676 and 702 nm was present, accompanied by the peak corresponding to phthalocyanine triplet state 3*Pc at 770nm.  In the case of dyad 28b, both excitation at 450 and 676 nm resulted in a similar spectral behaviour.  Photoexcitation of THF solution of 20b with a 450 nm laser pulse (Figure 
2.24,a) led to different absorption changes that include strong transient maxima at 495, 592 and around 757 nm, as well as transient minima at 433 and 684 nm. Likewise, the differential absorption spectra of 20b upon 676 laser irradiation revealed transient maxima at 503, 588 and around 757 nm, and transient minima at 683 and 705 nm.   
 
 
a)                                                                                         b)            
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Figure 2.24. Transient absorption spectra of Dyad 28b upon 450 nm photoexcitation (a) and upon 676 nm photoexcitation (b) in THF. 
 To assist in the interpretation of the excited-state spectral features of the two dyads, we deemed necessary to perform spectroelectrochemical experiments. To this end, the formation of the one-oxidized form of corrole 19b and the one-electron reduced form of phthalocyanine 27b were monitored upon spectroelectrochemical oxidation and reduction in THF.  In the case of corrole 19b, a growing potential up to 0.3 V was applied, recording at the same time absorption spectra of the solution. The differential absorption spectrum of 
19b upon spectroelectrochemical oxidation at 0.3 V displayed a broad peak centred at 495 nm, and other two maxima at 612 and 693 nm (Figure 2.25,a). These features are in keeping with the general behaviour of corroles upon oxidation. It was found that corrole cations have a distinct, red shifted spectrum with respect to the ground state.53,64 
2    
a)                                                                                         b)            
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Figure 2.25. Differential absorption spectra obtained upon a) electrochemical oxidation of Corr 19b (applying a growing bias up to 0.3 V) and b) electrochemical reduction of Pc 27b (applying a decreasing bias up to -0.6 V). 
 On the other hand, spectroelectrochemistry of phthalocyanine 27b under reductive conditions revealed different sets of maxima at 450, 585 and 757 nm, as well as minima at 673 and 705 nm (Figure 2.25,b). From a comparison of spectra obtained from the spectroelectrochemical reduction of Pc with those obtained from transient absorption analyses of 28a and 28b, it is possible to assign the peak at 757 nm to the radical anion of phthalocyanine. Similarly, the features of the corrole 19b radical cation species could also be identified by comparing the spectra obtained upon spectroelectrochemical oxidation with those of the two dyads.  The peak with maximum at 501 nm (in the case of 28a) and 495 nm (in the case of 28b) can be ascribed to the formation of the one-electron oxidized form of the corrole counterpart.   Further studies are needed to assess more precisely the energetic pathways of charge separation and charge recombination, as well as their lifetimes. This represents an ongoing study in our laboratories. 
 
 
   
  a)                                                                                       b)            
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Pthalocyanine-Corrole supramolecular systems 
 
Synthesis of the precursors  In this study, a corrole derivative, bearing electron donating group, was prepared and connected to an electron accepting  Zn(II) phthalocyanine by metal-ligand, axial coordination of the pyridyl moiety of the corrole molecule to the zinc metal centre in the Pc macrocycle (Scheme 2.7).   
  
Scheme 2.7. Metal-ligand, axial coordination of a N-(p-pyridyl)-substituted corrole 29 to Zn(II)Pc 30 leading to supramolecular complexe 29/30 
 As already discussed in the introduction of the present thesis, a widely extended method to obtain trans-A2B corroles derivatives relies on the synthesis of the desired dypirromethane and letting it react with a suitable aldehyde.  Starting from mesitylbenzaldehyde, the analogue dipyrromethane was synthesized, using the method already reported in the literature.51 Moreover, 10-meso-pyridyl-substituted corrole 29 was obtained following an already reported procedure, aimed to the synthesis of trans-A2B-corroles bearing substituents with basic nitrogen atoms at meso positions. The corrole formation reaction involves the acid-catalyzed condensation of a dipyrromethane (DPM) and an aldehyde followed by oxidation with DDQ.65 Corrole 29 was obtained with 18% yield. 
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 Octakis(2-ethylhexylsulfonyl) Zn(II)Pc 30 was prepared as already reported in the literature.57 Cyclotetramerization reaction of 4,5-bis(2-ethylhexylsulfonyl)phthalonitrile 
26 in a o-DCB/DMF mixture at 145 °C in the presence of zinc(II) acetate led to the formation of 30 in 25% yield.  Compounds 29 and 30 were characterized by UV-vis, 1H NMR and mass analyses.  UV-vis spectra of the two species are shown in Figure 2.26. In the case of 29, a splitted Soret band was evident, in concordance with data already reported in the literature.65 ZnPc 30 showed only one sharp Q band, due to the high symmetry of the complex, as already reported.66  
         
Figure 2.26. Normalized UV-vis spectra of a) Corr 29, b)Pc 30  With the aim of studying the coordination interaction between pyridine in the corrole and zinc in the phthalocyanine macrocycle, NMR and photophysical studies were performed.        
a)                                                                                      b)            
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Host-guest interactions 
 
NMR studies 
 We decided to further study the Corr-ZnPc interaction by performing 1H NMR titrations.  The binding of a guest G to a host H, generally causes a change in the environment of the nuclear spins on the host, the guest, or both. Since a change in environment usually results in a change in chemical shift, ligand binding corresponds to the chemical exchange between two environments. In dealing with the study of ligand binding kinetics, it is worth mentioning the term of “chemical exchange”.  Chemical exchange refers to a dynamic process that exposes a NMR probe to at least two distinct chemical environments, or states, in a time-dependent manner. This dynamic process leads to an interconversion between two states, i.e. host-free (H) and host-bound (HG) states of a species. For NMR, the two states have resonance frequencies δA and δB and chemical shift difference Δδ=|δA−δB| (Figure 2.27). Importantly, the appearance of different peaks in the NMR spectrum depends on the population of each state, H and HG, and the relative values of the exchange rate constant kex and the chemical shift difference Δδ. kex quantifies the average number of stochastic exchange events per unit time and is therefore expressed in s-1.  Knowing that, kex and Δδ can be compared directly, since they have the same unit of measurement.67,68 NMR spectra affected by chemical exchange are segregated into three distinct exchange regimes:69 
- Slow exchange (kex≪|Δδ|): if the equilibrium is slower than 1H-NMR spectroscopy timescale, then each spectrum will show the signals of the free host and guest, as well as the signals of all the complexes formed.  As the complexation process advances with the titration, we expect to observe a change in the proportion of the integrals of the different species present in the reaction media.  
- Intermediate Exchange (kex≈|Δδ|): in the intermediate exchange time regime, the resonance line becomes very broad as the ligand is added and it slowly migrates from the unliganded position towards the position of the fully liganded host. Under some conditions, the line can disappear completely during the titration. 
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- Fast Exchange (kex≫|Δδ|): In the case of fast exchange, the exchange is sufficiently fast that the chemical shift of the observed line, δ, is essentially equal to the weighted average of the initial and final states. 
 
 
 
  
 With the aim of proving the formation of the supramolecular complex and to determine both the stoichiometry and the association constants of the binding, a titration experiment was performed.  Measurements were carried out in CDCl3 at 20 °C, keeping a constant concentration of 
100 μM of 29 (host) and adding known quantities of 30 (guest).  In order to appreciate the change in the chemical shift of the 1:1 species (Δδ), a complete assignment of the 1H NMR spectrum of the host and of the 29/30 complex was necessary. 1H NMR spectrum of 29 is shown in Figure 2.28.  Resonances belonging to the methyl moieties were assigned thanks to their different integration values in the aliphatic range, at 1.98 and 2.66 ppm.  Assignment of protons in the β-pyrrolic positions has been possible thanks to the combination of COSY and ROESY spectra.  
Figure 2.27. Effect of slow (A), intermediate (B), or fast (C) exchange on the spectrum of a resonance whose frequency is changed as a result of ligand binding. 
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Figure 2.28. 1H NMR of 29  Protons at position 2 and 18 of the corrole macrocycle were assigned unambiguously at 8.95 ppm, being that signal the only one that didn’t result in a cross peak using ROESY analysis.  This occurs because only these protons are not subject to dipolar interactions with CH3 ortho-functionalities of the meso- phenyl groups (Figure 2.29).  
 
Figure 2.29. Assignment of the doublet 2,18 using ROESY analysis  
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 Combining COSY and ROESY, the assignment of the other aromatic protons becomes more clear: Figure 2.30 shows the scalar coupling between protons 2,18 and 3,17, and a cross-peak due to a dipolar correlation of 8,12 β-pyrrolic protons with two protons of the pyridine moiety.  All spectra and additional data can be found in the appendix section.   
 
Figure 2.30. Combination of COSY (blue dots) and ROESY (green dots) analyses  Titration of 29 with 30 is shown in Figure 2.31. Upon addition of Pc, peak linewidths are “exchange broadened”, making the assignment of several protons almost impossible. All peaks experienced different magnitudes shifts toward upper fields. The closer protons to the Pc-zinc centre are the most affected by the aromatic current. Protons corresponding to the pyridine moiety and positions 8,12 of the corrole macrocycle (Figure 2.31, red, orange and light orange dots) rapidly coalescenced and disappeared. This behaviour was already observable from the first addition of Pc (0.25 equivalents). The saturation point appears around 0.75 eq. of added 30.   
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Figure 2.31. 1H-NMR titration of Pc 30 with Corr 29 in CDCl3   After the saturation point, all the signals sharpened and recovered their multiplicity. In order to appreciate the ∆δ from corrole to the complex, bidimensional analyses of complex 29/30 were performed using the same concentration of the two dyes, that is 2.5 mM.  All bidimensional spectra and additional data can be found in the appendix section. Initial and final step of the titration experiment are shown in Figure 2.32. A table with chemical shifts experienced by all signals is also included (Figure 2.32, inset). After complexation of corrole with phthalocyanine, chemical shifts vary in a range from ∆δ ≈ 0.082 ppm to ∆δ ≈ 5.006 ppm. All the data obtained from experiments were used to estimate kinetic and thermodynamic constants.    
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                   Figure 2.32. First and last spectrum of the titration performed between Corr 29 and ZnPc 30  According to the mass law, binding constant can be represented as:  
      (Eq. 3)  The value of the equilibrium dissociation constant (KD) is obtained by fitting a plot of a general response (obtained by different techniques) at equilibrium (Req) against the concentration of the guest (Figure 2.33).                                                               
 
       Figure 2.33. General plot of response at equilibrium                         (Req) against the concentration  
KD value Molar concentration 
10-1 to 10-3 mM 
10-4 to 10-6 μM 
10-7 to 10-9 nM 
10-10 to 10-12 pM 
10-13  to 10-15 fM 
Table 2.4. Correlation between KD and molar values 
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 To obtain a reliable fit to a plot of Req against C for the determination of the binding constant, it is important that the range of Host/Guest concentration is wide enough to reveal the curvature of the plot in full. If the concentration range is too low, the plot Req against C will not approach to a maximum value and the determination of KD will be uncertain. In the same way, if the concentration range is too high, the plot Req against C will saturate at the very beginning of the measurement, making the determination of KD unreliable. In relation to the affinity constant for the interaction, the concentration range should ideally cover 0.1-100 times the equilibrium dissociation constant (Table 2.4).  In our case, the chosen concentration to perform the experiment is too high to determine the effective value of KD. As shown in Figure 2.31, the saturation point was obtained upon the addition of 0.75 equivalents of Pc, which is not consistent with a stoichiometric binding. It means that we can only estimate the value of KD. Since we 
worked at a corrole concentration of 100μM, we are sure that KD is less than or equal to 10-6. Although this data did not allow us to obtain the specific value of the thermodynamic constant, KD, they represent a useful tool to obtain the exchange constant kexc. Both kinetic and thermodynamic constants determine the interaction between host and guest, according to the following equilibrium: 
  Where kon represents the kinetic association rate constant and governs the velocity of the binding event in solution and koff is the kinetic dissociation rate constant that gives information about the stability of the HG complex.  The relation between the thermodynamic association constant KD and koff/kon is shown in equation 3.  
 
𝐊𝐃
[𝐇][𝐆][𝐇𝐆] = 𝐤𝐨𝐟𝐟𝐤𝐨𝐧                                      (Eq. 4)  Starting from the kinetic association rate constants, the exchange constant kexc can be obtained, according to the following equation:  kexc= kon[H]free + koff                                                                             (Eq. 5) 
H + G
koff
kon
HG
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 where Hfree represents the concentration of the unbounded Host (corrole) in solution.  The titration experiment was performed overcoming the saturation point, therefore we can assume that all corrole is bound to phthalocyanine and no free corrole is present. As a result, the exchange constant can be considered equal to koff. In a slow exchange regime, koff will have a much lower value than the observed ∆δ, while in a fast exchange regime koff will be much higher than ∆δ. In the case of intermediate exchange conditions, koff can be approximated to the difference of chemical shifts from the H and the HG complex. Different exchange regimes give different values of ∆δ. The different values of 
∆δ, tabled in the inset of Figure 2.32 stem from different exchange regimes experienced by corrole protons. Aliphatic mesityl protons (blue and light green dots) are barely affected by the electronic changes due to complexation. This results in a fast exchange behaviour, in which the peaks intensity doesn’t change during the titrations. Protons belonging to the closest area involved in the complexation (red, orange and light orange dots) seem to display an intermediate exchange behaviour, since they broaden and then disappear. The same behaviour is exhibited by protons in position 2,18 and 3,17 of corrole. However, this behaviour can’t be ascribed only to the binding phenomenon, since such protons are far from the coordination center, and their ∆δ values largely differ from the ones of the pyridine protons (same exchange regime should give the same ∆δ value). This provides an evidence that other processes are involved in the first step of the titration. Probably the presence of Pc changes the rate of tautomeric exchange in corrole inner protons thus changing their lineshapes during the titration. This could explain why β-pyrrolic positions are more affected than mesityl ones. We can obtain useful information about how to estimate the exchange constant from the aromatic protons belonging to the mesityl group (light blue dots). Before the addition of Pc, their signal was covered by the solvent peak (Figure 2.31). Nevertheless, during the titration experiment, a shift towards upper fields was evident, and the intensity of the new peak directly reported on the population of the complex. This attitude is indicative of a slow exchange regime. This data was used to estimate the exchange constant from the ∆δ of phenyl peaks and it was found that kexc ≤ 1s-1.     
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 NMR measurements gave us important indication about the binding process. We can conclude that: 
− the binding event occurred, as shown by the ∆δ observed during the titration; 
− the stoichiometry of the binding is 1:1; 
− the thermodynamic constant KD is less than or equal to 10-6; 
− once formed, the complex is stable, as shown by koff constant; 
− other processes probably take place before the binding event.  
Photophysical studies 
 Supramolecular interactions in the ground state between 29 and 30 were investigated performing different titration experiments using visible/near-infrared absorption spectroscopy in chlorobenzene. Titration experiment was performed maintaining constant the total concentration of Pc and adding variable amounts of 29. With the aim to avoid Pc aggregation, absorption assays were made with a concentration of 2x10-7 M of 30. When adding Corr to the solution of ZnPc in chlorobenzene, no considerable changes in the absorbing features were observed.   
              
Figure 2.34. a)Steady-state absorption spectra of ZnPc 30 upon addition of corrole 29 in chlorobenzene b) Differential absorption spectra obtained by subtracting corrole spectra to the Corr/Pc titration solution in chlorobenzene.  
a)                                                                                    b)            
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Results and Discussion 
 The absorption spectra resemble the superimposition of the single Corr and Pc absorptions (Figure 2.34,a). Nevertheless, an isosbestic point at 642 nm indicates the formation of ZnPc/Corr supramolecular complex.  These observations are more evident if we consider differential absorption spectra (ΔAbs) obtained by subtracting corrole spectra at the relative concentrations to the corrole/phthalocyanine solution (Figure 
2.34,b). Further evidence of complexation and electronic interaction came from fluorescence titrations. The ZnPc fluorescence of derivatives 30, was monitored upon photoexcitation at 675 nm. 
 
  
Figure 2.35. Emission spectra (λex = 676 nm) of ZnPc 30 (2 x 10-7M)          upon addition of different concentrations of  Corr 29                         (up to 151 equivalents) in chlorobenzene.  In this case, an exponential decrease of fluorescence emission was observed upon addition of derivative 29. This was rationalized by the formation of the Corr/Pc conjugate (Figure 2.35).  Non-linear curve fitting of the observed spectroscopic changes allowed the determination of the association constant of the formation of Corr-Pc complex. The experimental data points have been fitted by a typical Langmuir type equation (Figure 
2.36), considering a 1:1 complex formation. The binding constants log Kass was found to be 7.26 ± 0.13 (29/30).    
Compound ΦF  (toluene) 
29 29% 
30 29% 
Table 2.5. Fluorescence quantum yields (ΦF)  of compounds 29 and 30 in toluene. 
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Figure 2.36. Plot of the change in fluorescence intensity of Zn(II)Pc  as a ∆Emission vs the concentration of corrole. 
 Photophysical analyses aimed to investigate the excited state energy/electron transfer between the two dyes represent an ongoing study in our laboratories. 
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Summary and conclusions 
 In the first section of this Chapter, we have successfully synthesized, for the first time, two different corrole-phthalocyanine covalent dyes. A different number of methoxy moieties present in the corrole framework were expected to improve the electron-donor properties of such a macrocycle and enhance the electron transfer to the linked zinc phthalocyanine bearing electron-withdrawing groups. The structural integrity of the multicomponent system has been confirmed performing spectral, computational and electrochemical studies. It was found that energy- and electron-transfer reactions compete in both dyads.  Upon exciting selectively the corrole macrocycle, only the emission of phthalocyanine counterpart was evidenced. This was ascribed to an intramolecular energy transfer process. Nevertheless a quenching of fluorescence was evidenced upon exciting selectively the corrole (450 nm) or the phthalocyanine (676 nm) macrocycles, as a consequence of other processes that probably take place in the excited states. Transient absorption spectroscopy showed, upon exciting both at 450 nm and 675 nm, the appearance of a fast-forming and short-living charge separated states constituted by the radical cation of corrole and radical cation of the phthalocyanine.  
 In the second part of this Chapter, we have prepared a donor-acceptor ensemble built on metal-ligand coordination between a zinc(II) phthalocyanine derivative, bearing electron withdrawing groups at its periphery, and an electron-donor corrole, featuring a pyridyl moiety in position 10. Binding studies were performed by means of NMR and photophysical techniques. The association constant was calculated by emission titration and was found to be –log Kass =7.26 ± 0.13. Moreover, the kinetic exchange constant was found to be kexc ≤ 1s-1, as evidenced through NMR titrations.  Both works remain an open study since the exact mechanism of energy/electron transfer is not very clear at this stage of investigation. Nevertheless, all this offers food for thought and constitutes a good basis on which to pursue further research in this area.   
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Experimental section 
 
 
Materials and Instruments  Chemical reagents and solvents (Sigma-Aldrich, Alfa Aesar, Fluka Chemie and Carlo Erba Reagenti) were of the highest grade available and were used without further purification. Additionally, some solvents were further dried by distillation with LiAlH4 (THF, Toluene), or with previously activated molecular sieves (3 or 4 Å), or with a solvent purifying system by Innovative Technology Inc. MD-4-PS. Air- and moisture sensitive experiments were carried out using standard Schlenk line techniques.  
Chromatography: Thin layer chromatography (TLC) analyses were performed on aluminum sheets coated with silica gel 60 F254  or neutral alumina 60 F254 (Merck). TLCs analyses were carried out with an UV lamp of 254 and 365 nm.  Column chromatography was carried out using silica gel Merck-60 (230-400 mesh, 60 Å), Sigma-Aldrich (70−230 mesh, 60 Å) and and neutral alumina (Merk, Brockmann Grade III) as the solid support. Eluents and relative proportions are indicated for each particular case.  
Nuclear magnetic resonance (NMR): 1H and 13C NMR spectra were measured on a a Bruker AC-300 (300 MHz) or a Bruker AV700 (700MHz) spectrometer, locked on deuterated solvents. Chemical shifts are given in ppm relative to residual solvents using literature reference of δ ppm values.70  
Mass-spectrometry (MS): Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) was recorded with a Bruker Ultrareflex III spectrometer. The different matrixes employed are indicated for each spectrum. Fast Atom Bombardment (FAB) mass spectra were recorded with a VG Quattro spectrometer in the positive-ion mode for FAB, using m-nitrobenzyl alcohol (Aldrich) as the matrix. Mass spectrometry data are expressed in m/z units.  
Ultraviolet-visible spectroscopy: Ground state absorption was recorded with a Cary 5000 UV/Vis/NIR double beam spectrophotometer from VARIAN. Spectra were measured using spectroscopic grade solvents in 1 cm path length quartz cell. 
Femtosecond transient absorption spectroscopy: All spectra were obtained with a Ti:sapphire laser system CPA-2101 (Clark-MXR, Inc.) in combination with a Helios 
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 TAPPS-transient absorption pump probe spectroscopy detection unit from Ultrafast Inc. The initial laser output wavelength was 633 nm with a pulse width of 150 fs and 1 kHz repetition. The excitation wavelength was generated using NOPA noncollinear optical parametric amplifier. Transient absorption spectra were measured in THF in a 0.6 mL cuvette with a 0.2 cm path length. Finally, spectra were acquired with a HELIOS (Ultrafast Systems) transient absorption spectrometer. 
Electrochemistry: cyclic voltammetry (CV) experiments were performed with a Palmsens potentiostat, using a standard calomel electrode (SCE) as the reference electrode, a platinum wire as the auxiliary electrode and a platinum disk (1 mm diameter) as working electrode. The experiments were performed in anhydrous  CH2Cl2 and THF using  tetrabutylammonium perchlorate (TBAP,  Aldrich, electrochemical grade) as supporting electrolyte at 100 mV/s scan rate. Prior to each voltammetric measurement, the cell was degassed by bubbling with nitrogen for about 20 min. Electrochemical measurements were performed using a concentration of approximately 1 × 10-3 M for the compound in question. Compensation for internal resistance was not applied. 
Spectroelectrochemistry: Thin-layer UV−visible spectroelectrochemical experiments were performed with a thin-layer cell; a light-transparent platinum net was used as the working electrode and an Ag/AgCl micro-electrode was used as the reference electrode. Potentials were applied through a Palmsens potentiostat. UV-visible absorption spectra were recorded on a Shimadzu 2450 spectrometer equipped with the UV Probe 2.34 program. 
Synthetic procedures 
 Dipyrromethanes 18a,b,52Pcs57,58 and corrole 2965 were prepared following literature procedures.  
 
General procedure for the syntheses of trans-A2B corroles 
 Samples of 4-[(trimethylsilyl)ethynyl]benzaldehyde (0.9 mmol) and dipyrromethanes (1.8 mmol) were dissolved in methanol (90mL).  Subsequently, a 90 mL solution of HCl (36%) in H2O was added, and the reaction was stirred at r.t for 90min. The progress of the reaction was monitored by periodic removal of aliquots from the reaction mixture followed by TLC examination.  The crude product was diluted with 
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 CHCl3 (25mL) and washed twice with H2O.  The mixture was dried over Na2SO4 and evaporated (in order to remove the residual CH3OH). Then CHCl3 (450mL) was added, followed by the addition of 2.7 mmol of chloranil.  The reaction was stirred at room temperature for 2 hours. The crude product was purified on a silica gel column; different eluent mixtures and characterization data of all the newly prepared compounds are given below. 
 
5,15-bis (4-methoxyphenyl)-10-[(4-trimethylsilyl)ethynyl]phenylcorrole (19a) 
 Chromatography using CH2Cl2 as eluent. Yield: 12%, green solid, mp >300 °C; 1H NMR (CDCl3, 300 MHz, δ ppm): 0.38 (s, 9H, SiCH3), 4.08 (s, 6H, OCH3), 7.36 (br d, 4H, 
meso-Ar), 7.86 (br d, 2H, meso-Ar), 8.12 (br d, 2H, meso-Ar), 8.28 (br d, 4H, meso-Ar), 8.48 (br d, 2H, β-pyrr), 8.56 (br d, 2H, β-pyrr), 8.86 (br d, 2H, β-pyrr), 8.93 (br d, 2H, β-pyrr); Anal. Calcd for C44H38N4O2Si: C, 77.39; H, 5.61; N, 8.20; found: C, 77.32; H, 6.68; N, 8.21; MS (FAB, m/z): 684 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 420 (5.22), 438 (sh), 583 (4.43), 620 (4.43), 654 (4.34). 
 
5,15-bis (3,4,5-trimethoxyphenyl)-10-[(4-trimethylsilyl)ethynyl]phenylcorrole (19b) 
 Chromatography using CHCl3 as eluent. Yield: 17%, green solid, mp >300 °C 1H NMR (CDCl3, 300 MHz, δ ppm): 0.43 (s, 9H, SiCH3), 4.14 (s, 12H, OCH3), 4.20 (s, 6H, OCH3), 7.66 (s, 4H, meso-Ar), 7.92 (d, 2H, J= 6 Hz, meso-Ar), 8.16 (d, 2H, J= 6 Hz, meso-Ar), 8.57 (d, 2H, J = 3 Hz β-pyrr), 8.72 (d, 2H, J = 3 Hz β-pyrr), 9.02 (br m, 4 H, β-pyrr) Anal. Calcd for C48H46N4O6Si: C, 71.80; H, 5.77; N, 6.98; found: C, 71.79; H, 5.83; N, 6.94; MS (MALDI-TOF, matrix DCTB m/z): 802.4 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 425 (4.91), 580 (3.96), 623 (4.05), 655 (4.21). 
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General procedures for the removal of trimethylsilyl group 
 Corrole (0.14 mmol) was added to a 14 mL solution of dry CH2Cl2, then 123 μL of a TBAF solution (1M in THF) were added.  The mixture was allow to stir for 2h at rt; until all substrate was consumed.  When no more starting material was detected on TLC analysis, the solvent was removed under reduced pressure.  The crude was taken up with CHCl3 and washed twice with water; then it was dried on Na2SO4.  After filtration of the drying agent, the solvent was evaporated. Chromatographic purification of the reaction crude was performed on a silica gel column, eluting with CHCl3.  Characterization data of all the newly prepared compounds are given below.  
5,15-bis (4-methoxyphenyl)-10-(4-ethynylphenyl)corrole (20a) 
 Yield: 57%, green solid, mp >300 °C, 1H NMR (CDCl3, 300 MHz, δ ppm): 3.36 (s, 1H, CH), 4.14 (s, 6H, OCH3), 7.42 (d, 4H, J=6 Hz, meso-Ar), 7.94 (d, 2H, J=6 Hz, meso-Ar), 8.20 (d, 2H, J=6 Hz, meso-Ar), 8.34 (d, 4H, J=6 Hz, meso-Ar), 8.56 (d, 2H, J=3 Hz, β-pyrr), 8.62 (d, 2H, J=3 Hz, β-pyrr), 8.92 (d, 2H, J=3 Hz, β-pyrr), 8.98 (d, 2H, J=3 Hz, β-pyrr). Anal. Calcd for C41H30N4O2: C, 80.63; H, 4.95; N, 9.17; found: C, 80.70; H, 4.93; N, 9.23; MS (MALDI-TOF, matrix DCTB m/z): 610.3 (M+); UV-vis (CH2Cl2): λmax nm (log ε): 421 (5.16), 438 (sh), 582 (4.37), 622 (4.39), 655 (4.36). 
 
5,15-bis (3,4,5-trimethoxyphenyl)-10-(4-ethynylphenyl)corrole (20b) 
 Yield: 70%, green solid, mp >300 °C, 1H NMR (CDCl3, 300 MHz, δ ppm): 3.54 (s, 1H, CH), 4.14 (s, 12H, OCH3), 4.21 (s, 6H, OCH3), 7.67 (s, 4H, meso-Ar), 7.95 (d, 2H, J=6 Hz, meso-
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 Ar), 8.21 (d, 2H, J=6 Hz, meso-Ar), 8.60 (d, 2H, J=3 Hz, β-pyrr), 8.74 (d, 2H, J=3 Hz, β-pyrr), 9.03 (d, 2H, J=3 Hz, β-pyrr), 9.05 (d, 2H, J=3 Hz, β-pyrr); Anal. Calcd for C45H38N4O6: C, 73.96; H, 5.24; N, 7.67; found: C, 73.91; H, 5.29; N, 7.62; MS (FAB, m/z): 733 (M+); UV-vis (CH2Cl2): λmax nm (log ε):425 (4.71), 580 (3.88), 621 (3.86), 651 (3.83).  
4,5-Dichlorophthalic anhydride (21)58 
 
 
 4,5-dichlorophthalic acid (65.0 mmol, 15.3 g) was dissolved in acetic anhydride (25.0 mL) and heated to reflux. After 5 h, the suspended solid was filtered, washed with hexane and stirred in hexane over 12 h. A light grey solid was obtained, that was filtered and thoroughly washed with hexane (100 mL). Yield: 92%, white solid. 1H-NMR (300 MHz, CDCl3, δ ppm) = 8.12 (s, 2H).  
4,5-Dichlorophthalimide (22)58 
 
 
 
 
 4,5-dichlorophthalic anhydride (21) (60.2mmol) and formamide (19.0 mL) were heated to 200 ºC for 3 h.  After cooling to room temperature, the solid obtained was filtered, washed with water (40 mL) and vacuum-dried, yielding 12.0 g of 4,5-dichlorophthalamide (22).  Yield: 93%, white solid. 1H-NMR (300 MHz, CDCl3, δ ppm) = 8.12 (s, 2H).  
4,5-Dichlorophthalamide (23)58 
 
 
 
  4,5-dichlorophthalimide (22) (55.5 mmol) was suspended in a 25% aqueous ammonia solution (168 mL) and was stirred at room temperature for 24 h. Then, a 33% ammonium hydroxide solution (56.0 mL) was added and the mixture was allowed to stir for 24 h. The white solid obtained was filtered, washed with water (50 mL) and vacuum-dried. Yield: 88%, white solid. 
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 1H-NMR (300 MHz, DMSO-d6, δ ppm) = 7.45 (br s, 2H; NH2), 7.72 (s, 2H; Ar), 7.95 (br s, 2H; NH2).  
4,5-Dichlorophthalonitrile (24)58 
  
  Thionyl chloride (41.0 mL) was cautiously poured over dry DMF (58.0 mL) at 0 ºC under argon atmosphere. The mixture was vigorously stirred at that temperature for 2 h and then 4,5-dichlorophthalamide (23) (48.9 mmol) was added. After stirring at room temperature for 12 h, the reaction mixture was poured onto crushed ice (100 mL), resulting in the precipitation of a slightly grey solid which was filtered and washed with water (20 mL). Upon recrystallization from methanol, 8.4 g (42.5 mmol) of compound 
24 were obtained. Yield: 87%, white solid. 1H-NMR (300 MHz, CDCl3, δ ppm) = 7.94 (s, 2H).  
4,5-Bis(2-ethylhexylthio)phthalonitrile (25)58 
 
 
 
 4,5-dichlorophthalonitrile (24) (1.27 mmol, 0.25 g,) was poured in a in freshly distilled DMAC (5 mL). The solution was heated to 100ºC, and oven-dry K2CO3 (12.3 mmol, 1.7 g) was added in five portions over 30 min. Subsequently, 2-ethylhexane-1-thiol (3.1 mmol, 0.53 mL) was added, and the resulting mixture was stirred at 100 ºC for 10h. After cooling to room temperature, the solution was poured in water (15 mL) and extracted with DCM (3x15 mL). Combined organic layers were dried over MgSO4 and evaporated. The residue was purified by column chromatography (SiO2, CH2Cl2/Heptane 1:1) to give 
25 (0.42 g, 1.02 mmol) as a yellowish oil. Yield: 80%. 1H-NMR (300 MHz, CDCl3): δ (ppm) = 0.94 (m, 12H; CH3), δ1.3-1.4 (m, 16H; SCH2CH (CH2)CH2CH2CH2CH3), 1.71 (m, 2H; SCH2CH), 2.97 (m, 4H; SCH2), 7.41 (s, 2H; Aryl). 
 
4,5-Bis(2-ethylhexylsulfonyl)phthalonitrile (26)58 
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 4,5-bis(2-ethylhexylthio)phthalonitrile (25) (1.0 eq, 2.4 mmol,1.0 g) was dissolved in acetic acid (20.0 mL) and the solution was heated at 90 ºC. Then, a 33% H2O2 solution (11.2 mL) was slowly added and the mixture was stirred at 80 ºC for 3 h. After cooling to room temperature, the solution was poured in water and extracted with CH2Cl2 (3x15 mL). Combined organic layers were dried over MgSO4 and evaporated. The residue was purified by column chromatography (SiO2, Heptane/ ethyl acetate) to give compound 26 as a yellowish oil (1.1 g, 2.3 mmol). Yield: 95%. 1H-NMR (300 MHz, CDCl3): δ (ppm) = 0.88 (m, 12H; CH3), δ 1.2-1.4 (m, 16H; CH2), 3.57 (m, 4H; SO2CH2), 8.69 (s, 2H; H-3, Aryl). 
 
General procedure for the syntheses of A3B Pc  
 A o-DCB/DMF (3:1, 2.4 mL, 0.8 mL) solution of 4,5-bis(2-ethylhexylsulfonyl) phthalonitrile (26) (0.52 mmol, 250 mg), the appropriate phthalonitrile (0.35 mmol) and Zn(OAc)2 (0.024 mmol, 38.2 mg) was heated at 135 ºC under an argon atmosphere for 12 h. After cooling down to room temperature, the solvent was removed under reduced pressure and the crude was poured on water and extracted with DCM (3x15 mL). Combined organic layers were dried over MgSO4 and evaporated. The mixture of Pcs formed was separated by column chromatography on silica gel using a mixture of THF/Hexane (2:1) as eluent.   
2,3,9,10,16,17-Hexakis(2-ethylhexylsulfonyl)-23-iodo-5,28:14,19-diimino-7,12:21,26- 
dinitrilo-tetrabenzo[c, h, m, r]-[1, 6, 11, 16]tetraazacycloeicosinato-(2-)-N29, N30, N31, N32 
zinc (II) (27a)58 
 
 
 Yield: 23%, dark green solid.1H-NMR (300 MHz, THF-d8): δ (ppm) = δ 0.92-1.15 (m, 36H; CH3), δ1.35-1.85 (m, 48H; CH2), δ 2.48-2.73 (m, 6H; SO2CH2CHR), δ 3.89-4.23 (m, 12H; SO2CH2-R), 8.55 (s, 1H; Pc-H), 9.08 (s, 1H; Pc-H), 9.67 (s, 1H; Pc-H), 9.99 (s, 1H; Pc-H), 10.14 (s, 1H; Pc-H), 10.26 (s, 1H; Pc-H), 10.39 (m, 3H; Pc-H);MS (MALDI-TOF, matrix  DCTB m/z) = 1758.5 (M+)UV-Vis (THF): λmax (nm) (log ε) = 701 (5.2), 672 (5.2), 640 (4.7), 608 (4.5), 371 (4.8). 
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2,3,9,10,16,17-Hexakis(2-ethylhexylsulfonyl)-23-[(trimethylsilyl)ethynyl)-5,28:14,19-
diimino-7,12:21,26- dinitrilo-tetrabenzo[c, h, m, r]-[1, 6, 11, 16]tetraazacycloeicosinato-(2-
)-N29, N30, N31, N32 zinc (II) (27b) 
 
 
 
 Yield: 25%, dark green solid.1H-NMR (300 MHz, THF-d8): δ (ppm) = 0.41 (s, 9 H, SiCH3), 
δ 0.8-1.5 (m, 90H; CH, CH2, CH3), 2.42 (m, 12H; SO2CH2), 10.4 (br s, 2H; Pc-H), 10.7 (br s, 1H; Pc-H), 10.8 (s, 6H; Pc-H); MS (FAB, m/z): 1732 (M+); UV-Vis (THF): λmax (nm) (log 
ε) = 697 (5.2), 675 (5.1), 640 (4.6), 617 (5.5), 370 (4.8). 
 
2,3,9,10,16,17,23,24-Octakis(2-ethylhexylsulfonyl)-5,28:14,19-diimino-7,12:21,26-dinitrilo-
tetrabenzo[c, h, m, r]-[1, 6, 11, 16]tetraazacycloeicosinato-(2-)- N29, N30, N31,N32 zinc (II) 
(29)58 
 
 
 A mixture of of 4,5-Bis(2-ethylhexylsulfonyl)phthalonitrile (61 mg, 0.126 mmol) and 8.5 mg of Zn(OAc)2 (0.046 mmol) was heated to 145 °C in 1.2 mL of a o-DCB/DMF (5:1) mixture under argon atmosphere.  The reaction completed in 26 h, being followed by TLC analysis. After being cooled to room temperature, the reaction mixture was evaporated to dryness under vacuum purified was by column chromatography (Silica gel, CHCl3/ethyl acetate 100:1) which allowed to obtain Zn(II)Pc as a dark green solid. Yield: 24%; 1H-NMR (300 MHz, CDCl3): δ (ppm) = 0.86 (t, 48 H, J = 7.2 Hz, CH3), δ 1.1-1.8 (m, 72H; CH2), δ 3.6-3.9 (m, 16H; SO2CH2), 10.5 (m, 8H; Pc-H); MS (MALDI-TOF, matrix DCTB m/z): 1987.8, UV-Vis (THF): λmax (nm) (log ε) = 685 (5.4), 620 (4.6), 377 (4.7). 
S
S
O
O
O
O
N
N
N
N
N
N
N
N
S
S
O
O
O
O
S
S
O
O
O
O
Zn
Si
S
S
O
O
O
O
N
N
N
N
N
N
N
N
S
S
O
O
O
OS
S
O
O
O
O
S
S
O
O
O
O
Zn
152 
 
Chapter II 
 
 
General procedure for the syntheses of Corr-Pc dyads  
 Corrole (0.033 mmol), phthalocyanine 27a (70 mg, 0.040 mmol), Cs2CO3 (12 mg, 0.035 mmol), Pd(OAc)2 (2 mg, 8.3·10-3 mmol), and PPH3 (2 mg, 8.3·10-3 mmol) were placed under argon atmosphere in a dry Schlenk flask. Dry DMSO was then added and three Freeze-pump-thaw cycles were performed. The reaction mixture was stirred at 80 °C for 24h. When no more corrole was detected by TLC analysis, the solvent was removed under reduced pressure and the residue was chromatographed (Silica gel, THF/Hexane 2:1). Data of the newly prepared compounds are given below. 
Dyad 28a 
 Yield: 14%. Dark blue solid. Anal. Anal. Calcd for C121H140N12O14S6Zn: C, 64.76; H, 6.29; N, 7.49; found: C, 64.84; H, 6.31; N, 7.50; MS (MALDI-TOF, matrix DCTB m/z): 2242.8 (M+); UV-Vis (CH2Cl2): λmax (nm) (log ε) = 393 (4.73), 435 (4.70), 628 (sh), 652 (sh), 687 (4.78), 707 (4.77)  
Dyad 29a 
 
 Yield: 22%. Dark blue solid.  Anal. Calcd for C125H148N12O18S6Zn: C, 63.50; H, 6.31; N, 7.11; found: C, 63.45; H, 6.33; N, 7.20; MS (MALDI-TOF, matrix Dithranol m/z): 2363.7 
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 (M+); UV-Vis (CH2Cl2): λmax (nm) (log ε) =429 (4.56), 628 (sh), 650 (sh), 684 (4.50), 709 (4.53).    
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Figure	1.	MALDI‐TOF	spectrum	of	dyad	28a.	
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Figure	2.	MALDI‐TOF	spectrum	of	dyad	29a.	
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Figure 3. COSY spectrum of corrole 29 (focus on the ‐pyrrolic signals). 
 
Figure 4. Overlapping	of COSY and ROESY spectra of corrole 29 (focus on the ‐pyrrolic signals) 
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Figure 5. ROESY spectrum of corrole 29 (focus on the ‐pyrrolic signals). 
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Figure 6. HSQC	spectrum	of	complex	29/30	(focus on the ‐pyrrolic signals). 
	
 
 
Figure	7.	ROESY	spectrum	of	complex	29/30	(focus	on	‐pyrrolic	peaks).	
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Figure	8.	Overlapping	of	COSY	and	ROESY	measurement	of	complex	29/30	(focus	on	‐pyrrolic	peaks).	
 
 
Figure	9.	Overlapping	of	COSY	and	ROESY	measurement	of	complex	29/30	(focus	on	aromatic	mesityl	peaks).	
 
 
